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(57) A laser apparatus includes an eye tracking sysr 
tem for biasing the alignment of the position of a laser 
beam with respect to the cornea of an eye which com- 
prises indicator means providing visible indications of 
movement of the eye, sensor means for detecting the 
visible indications, and laser bea^m positioning means 
coupled to the sensor means for biasing the alignment 
of the laser beam. The apparatus preferably further in- 
cludes a guide beam generation system for generating 
a visible guide beam coaxial with laser pulses, and a 
wavelength converter for converting the fundamental 
wavelengths of original incident laser pulses in to con-e- 
sponding second harmonic wavelengths. Methods of 
tracking the movement of; an eye, generating a guide 
beam, and converting the wavelength of a laser, are also 
disclosed. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application is a continuation-in-part of U. 
S. Patent Application Serial No. 07/740,004, filed Au- 
gust 2, 1991, entitled "Two Dimensional Scanner-Am- 
plifier Laser". 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0002] This invention relates to methods of, and ap- 
paratus for, surgery of the cornea, and more particularly 
to a laser-based method and apparatus for corneal sur- 
gery. 

2. Related Art 

Art Related to the Inventive Method and Apparatus 
for Surgery 

[0003] The concept of correcting refractive errors by 
changing the curvature of the eye was brought forth ear- 
ly on, as illustrated in the notable mechanical methods 
pioneered by J. Barraquer. These mechanical proce- 
dures involve removal of 'a thin layer of tissue from the 
comea by a micro-keratome, freezing the tissue at the 
temperature of liquid nitrogen, and re-shaping the tissue 
in a specially designed lathe. The thin layer of tissue is 
then re-attached to the eye by suture. The drawback of 
these methods is the lack of reproducibility and hence 
a poor predictability of surgical results. 
[0004] With the advent of lasers, various methods for 
the correction of refractive errors have been attempted, 
making use of the Coherent radiation properties of la- 
sers, and the precision of the laser-tissue interaction. A 
CO2 laser was one of the first to be applied in this field. 
Peymah, et aL, in Ophthalmic Surgery, vol. 11, pp. 
325-9, 1980, reported laser bums of various intensity, 
location, and pattern were produced on rabbit corneas. 
Recently, Hom, et aL, in the Journal of Cataract Refrac- 
tive Surgery, vol. 16, pp. 611-6, 1990, reported that a 
curvature change in rabbit corneas had been achieved 
witha Go:MgF2 laser by applying specific treatment pat- 
terns and laser parameters. The ability to produce burris 
on the cornea by either a CO2 laser or a CorMgFg laser 
relies on the absorption in the tissue of the thermal en- 
ergy emitted by the laser. Histologic studies of the tissue 
adjacent to burn sites caused by a CO2 laser reveal ex- 
tensive damage characterized by a denaturalized zone 
of 5-10 microns deep and disorganized tissue region ex- 
tending over 50 mibrons deep. Such lasers are thus ill- 
suited to comeat laser surgery. 

[0005] In U.S. Patent No. 4,784,135, Blum et al. dis- 
ctoses the use of far-^ultraviolet radiation of wavelengths 
les;s than 200 nm to selectively remove biological mate- 



rials. The removal process is claimed to be by pho- 
toetching without requiring heat as the etching mecha- 
nism. Medical and dental applications for the removal of 
damaged or unhealthy tissue from bone, removal of skin 

^ lesions, and the treatment of decayed teeth are (^ted. 
No spedfic use for comea surgery is suggested, and the 
indicated etch depth of 1 50 microns is too great for most 
corneal surgery purposes. Further, even though it is 
suggested in this reference that the minimum energy 

10 threshold for ablation of tissue is 10 mJ/em2, clinfcal 
studies have indicated that^ the minimum ablation 
threshold for exdmer lasers at'l 93 nm for comea tissue 
is about 50 mJ/cm^. 

[0006] In U.S. Patent No: 4,71 8.418, L'Esperance, Jr. 

IS disdoses the use of a scanning laser characterized by 
ultraviolet radiation to achieve controlled ablative pho- 
todecomposition of one or more selected regions of a 
comea. According to the disclosure, the Jaser beam 
from an excimer laser is reduced in its cross-sectional 

20 area, through a combination ofoptical elements, to a 0.5 
mm by 0.5 mm rounded-square beam spot that Is 
scanned over a target by deflectable mirrors. (L'Esper- 
ance has further disclosed in European Patent Apptica- 
tloh No. 151869 that the means of controlling the beam 

25 location are through a device with a magnetic field to 
diffract the light beam. It is not dear however, how th^ 
wave front of the surgical beam can be affeded by an 
applied rhagnetic to any pradical extent as to achieve 
beam scanning.) To ablate a corneal tissue surface with 

30 such an arrangement, each laser pulse would etch out 
a square patch of tissue. Each such square patch must 
be placed predsely right next to the next patch; other- 
wise, any slight displacement of any of the etched 
squares would result in grooves or pits in the tissue at 

35 the locations where the scjuares oyeriap and caiuse ex- 
cessive erosion, and ridges or bumps of unetched tissue 
at the locations in the tissue where the squares Where 
not contiguous. The resulting minimum surface rough- 
ness therefore will be about 2 times the etdi depth per 

40 pulse. A larger etch depth of 14 microns per pulse Is 
taught for the illustrated embodiment. This larger etch 
depth would be expected to result in an increase of the 
surface roughness. 

[0007] Because of these limitations of laser corneal 
4S surgery systems, it is not surprising that cun-ent com- 
merdal manufactures of excimer laser surgical systems 
have adopted a different approach to corneal surgery. 
In U.S. Patent No.4,732,148, L-Esperahce, Jr. discloses 
a method of ablating cornea tissue with an exdmer laser 
so beam by changing the size of the area on the comea 
exposed t>y the beam using a series of rnasks inserted 
in the beam path. The emitted laser beam cross-sec- 
tional area remains unchanged and the beam is stiatipn- 
ary. The irradiated flux and the exposure time deter- 
S5 mines the amount of tissue removed. 

[0008] A problem with this approach is that surface 
roughness will result from any local imperfection in the 
intensity distribution acrdss the entire laser beam cross- 
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section. Furthermore, the intended curvature correction 
of the cornea will deviate with the fluctuation of the laser 
beam energy from pulse to pulse throughout the entire 
surigical procedure. *fhis approach Is also limited to In- 
ducing symmetric changes in the curvature of the cor- 
riea, due to the radially symmetrical nature of the masks. 
For asymmetric Vefractlve en-ors, such as those com- 
monly resulting from cornea transplants, one set of spe- 
cially designed masks would have to be made for each 
circumstance/ 

[0009] Variations of the above technique of cornea 
ablation have also been developed for excimer lasers. 
In U.S. Patent No. 4,941.093, Marshall et al. discloses 
the use of a motorized iris in a laser beam path to control 
the beam exposure area on the cornea. In U.S. Patent 
No.4,856,513, Muller discloses that re-profiling of a cor- 
nea surface can be achieved with an erodible mask, 
which provides a pre-defined profile of resistance to ero^ 
sion by laser radiation. This method assumes a fixed 
etch rate for the tissue to be ablated and for the material 
of the erodible mask. However, etch characteristics vary 
significantly, depending on the type of the materials and 
the Ideal laser energy density. The requirements of uni- 
formity of laser intensity across the beam profile and 
pulse to pulse intensity stability, as wiell as limitation of 
the technique to correction of symmetric en-ors, also ap- 
ply to the erodible mask method. 
[0010] Anotfier technique for tissue ablation of the 
comea is disclosed in U:S. Patent No. 4,907,586 to Bille 
et al. By focusing a laser beam Into a small volume of 
about 25-30 microns In diameter, the peak beam inten- 
sity at the laser focal point could reach about 10^2 watts 
per cm2. At such a peak power level, tissue molecules 
are "pulled" apart under the strong electric field of the 
laser light, which causes dielectric breakdown of the ma- 
terial. The conditions of dielectric breakdown and its ap- 
plications in ophthalmic surgery had been described in 
the book "YAG Laser Ophthalmic Microsurgery" by 
Trpkel. Transmissive wavelengths near 1.06 riifcrons 
and the frequency-doubled laser wavelength near 530 
nm are typically used for the described method. The typ- 
ical laser medium foi- such system can be either YAG 
(yttrium aluminurn gamet) or YLF (yttrium lithium fluo- 
ride). Bille ei al. further discloses that the prefen-ed 
method of removing tissue is to move the focused point 
of the surgical beam across the tissue. While this ap- 
proach could be useful in making tracks of vaporized 
tissue, the method is not optimal for cornea surface ab- 
lation. Near the threshold of the dielectric breakdowni 
the laser beam eriergy absorption characteristics of the 
tissue changes from highly transparent io strongly ab- 
sorbent The reaction is Very violent, and the effects are 
widely variable. The amount of tissue removed Is a high- 
ly non-linear function of tfie incident beam poWer. 
Hence, the tissue removal rate is difficult to contrbL Ad- 
difionally. acddental exposure of the endothelium by th^ 
laser beam is a constant concern. Most importantly, with 
the variation ip the ablated crdss-sectional area and the 



etch depth, sweeping the laser beam across the comea 
surface will most likely result in groove and ridge forma- 
tion rather than an optically smooth ablated area. 
[001 1 J Other problems that occur with some of the pri- 
5 or art systerns result from the use of toxic gases as the 
lasing material. This is particulariy a problem with exci- 
mer lasers, which are frequently used in health clinic and 
hospital en vironrnents. 

[0012] An important issue that is largely overtboked 
10 in all the abovercited references is the fact that the cor- 
nea is a living organism. Uke most other organlsrris. cor- 
neal tissue reacts to trauma, whether it is inflicted'by a 
knife or a laser beam. Clinical results have showed that 
a certain degree of haziness develops in most corneas 
15 after laser refractive surgery with the systems taught in 
the prior art. The principal cause of such haziness is be- 
lieved to be surface roughness resulting from grooves 
and ridges fdmned while laser etching. Additionally, clin- 
ical studies have indicated that the extent of the haze 
20 also depends in part on the depth of the tissue damage, 
which Is characterized by an outer denatured layer be^ 
neath which is a more extended region pf disorganized 
tissue fibers. Another drawback due to a rough ajmeal 
surfaice is related to the healing process after the sur- 
25 gery: clinical studies have confirmed that the degree of 
haze developed in the comea Conrelates with the rough- 
ness at the stromal surface. 
• [0013] For reliable ablation results, a cun-ent commer- 
cial iexcimer laser corneal surgery system operates at 
30 about 150-200 mJ/cm2. The etch depth at 193 nm is 
about 0.5 microns per pulse, and the damage layer Is 
about 0.3 microns deep. Ught scattering from such a 
surface is expected. 

[0014] It is therefore desirable to have a method and 
35 apparatus for perfomiing corneal surgery that over- 
comes the limitations of the prior art. In particular, it is . 
desirable to provide ari improved method of comea sur- 
gery which has accurate control of tissue removal, flex- 
ibility of ablating tissue at any desired location with pre- 
40 determined ablation depth, an optically smooth finished: 
surfiafce after the surgery, and a gentler surgical beam 
for laser ablation action. 

[001 5] The present invention provides such a method 
and apparatus. The invention resolves the shortcom- 
-^5 ings of the curr'ent corneal surgical systems, including 
the use of toxic gases, limitation's stemming from cor- 
recting only symmetric errors in the case of excimer la- 
ser systems, the extensive damage caused by Cp:MgF2 
and GO2 laser systems, and the uncertainty of the etch 
50 depth in the case of YAG or YLF laser systerns. 

Art Related to the Scanner-Amplifier Laser 
Invention 



55 [Obiq The control of laser beam positioning has be^- 
come a key element in many fields of applications, such 
as image processing, graphic display, materials 
processing, and surgical applications involving precl- 
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sion tissge removal. 

[0017] A general overview of the topic is given in "A 
Survey of Laser Beam Deflection Techniques", by Fowl- 
er and Schlafer, Proceedfngs of IEEE, voL 54, no. 10, 
pages 1437-1444, 1966. 

[0018] United States Patent No. 3,432,771 to Hardy 
et al. issued March 11, 1969, disclosed an apparatus for 
changing the direction of a light beam In an optical cav- 
ity. The cavity consists of a focussing objective located 
between two reflectors, such as curved mirrors. The rel- 
ative position of one center of curvature with respect to 
the other center of curvature can be controlled by posi- 
tioning of one of the mirrors. Points on the reflectors are 
located at the object and the image positions for the ob- 
jective. When the active medium is suitably excited, the 
orientation of the lasing mode, and hence the position 
6f the spots of light, is determined by the effective an- 
gular positions of the reflectors. 
[0019] United States Patent No. 3,480.875 to Pole, Is- 
sued November 25, 1.969, disclosed a laser cavi^ which 
was set up between a pair of plane mirrors. At least one 
active laser element is located between the mirrors. A 
pair of lens systerns are positioned between the mirrors 
so that they have a common focal plane between them. 
A Kerr cell, polarizers, and a compensator suppress 
light oscillation along certain reflector paths within the 
cavity, thereby setting up preferred modes of oscillation 
along other paths. Laser emission occurs along the pre- 
ferred paths. 

[0020] United States Patent No. 3,597,695 to James 
E. Swain, issued August 3. 1971, disclosed an appara- 
tus for amplifying laser light by multiple passes through 
a lasing rhaterial in a single laser cavity. A single ampli- 
fier stage achieved what had been accomplished by 
several stages. This is accomplished by a switching 
mechanism which directs a laser beam into and out of 
the cavity at selected time Intervals, thereby enabling 
amplification of low intensity laser pulses to ah energy 
level near the damage limits of the optical components 
of the system. 

[0021] United States Patent No. 4,191 ,928 to John L. 
Emmett, issued March 4, 1980. disclosed a high energy 
laser system using a regenerative amplifier which relax- 
es all constraints on laser components other than the 
intrinsic damage level of matter, so as tp enable use of 
available laser system components. This cari be accdm- 
pilshed by use of a segmented component spatial filter. 
[0022] Many techniques have been developed for 
controlling the. laser beam direction. For the purpose of 
this invention^ this discussion will be limited to the 
speed, accuracy, and the scan angle range of different 
devices used In a random access mode. 
[0023] Galvanometer mirror scanners have a large 
scan angle range. However, the mechanical response 
due to the balance of the coll and the applied magnetic 
field Is limited to a few hundred hertz. The settling time 
and oscillation about the equilibrium point further limits 
the accuracy attainable with such devices. 



[0024] Mirrors positionable with piezo actuators are 
capable of an accurate hunt-free movement response 
of up to tens of kjlohertz, depending bh the design of the 
mounts. The typical scan angle is on the order of a few 

5 milli-radians. Methods to enhance the scan angle have 
been proposed by J. Schlafer and V. J. Fowler, "A Pre- 
cision, High Speed. Optical Beam Scanner", Proceed- 
' Ings, Ihterriattonal Electron Devices Meeting, 1965. In 
their report, multiple scanning piezo-mirrors where used 
to intercept a laser beam, such that the scan angle of 
each scanner contributes to the total effect, which is the 
sum of all scan angles. This device requires many indi- 
vidual scanner units, which multiplies in economic cost 
with the number of units. The mirror size also limits the 

15 number of units that can be used before the beam will 
miss the last mirror. 

[0025] Furthermore, both of the above methods are 
applicable in one dimensional scanning only. For two- 
dimensional scans, an additional unit, which is either an 

20 Identical or a mix with another device, must be provided 
for scanning in the other dimension, doubllng,cost and 
space requirements. . 
[0026] In United States Patent No. 3,480,875 to R. V. 
Pole, disclosed is a scanning laser device. In which the 

25 spatial orientation of the laser beam in the resonant cav- 
ity is controlled by passing through a combination of a 
retardation plate and a Kerr cell inside the laser cavity. 
At a specific angle, as determined by the Kerr cell, loss 
is minimum for the laser beam, and therefore the laser 

30 beam will oscillate In that preferred direction. While this 
method allows scanning of large angles, the scan speed 
Is limited by the laser build-up time, for which the laser 
beam intensity will be reestablished at each new beam 
direction. Another drawbaclc of this arrangement is the 

35 variation in the laser intensity during the laser build-up. 
[0027] In United States Patent No. 3,432,771 to W. A. 
Hardy, disclosed is another scanning laser, in which the 
optical cavity consists of a focussing objective, arid 
spherical reflectors, or equivalent optics which consist 

.40 of a lens and a plane mirror. The scan angle Is magnified 
most effectively in an optical arrangement In which the 
two end reflectors form a neariy concentric cavity with 
the focussing lens at the center of focus. The drawback 
• is that the cavity tolerates diverging beams to build up 

45 inside the cavity, as Illustrated In Fig. 1 of the patent, 
hence the laser output has a high content of multiple 
transverse modes. By increasing th e radius of curvature 
of the scan mirror and keeping its loqetipn fixed, the mul- 
ti-rrib.de content can be reduced, but the scan range will 

50 approach that of the actual scan angle with a possible 
small magnification factor. As suggested by its preferred 
embodiment with an electro-optical beam deflector, the 
scan angle will be only a few milli-radians if a near dif- 
fraction-limited |aser beam is to be produced. 

55 [0028] It would thus be desirable to have a scanner- 
annpiifier unit which accepts a low energy laser pulse 
and emits an amplified laser pulse at a predetermined 
anguier positions in two dimensions, the present fnyen- 
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tion provides such a unit. 

SUMMARY OF THE INVENTION 

[0029] The optimal surgical method for the comea can 
be best appreciated from the characteristics required of 
the cornea to perform its important functions. The cor- 
neal surface is the first optical interfiace where all. light 
enters into the eye and thereafter forms images at the 
retina. Cbmeal shape, degree of smoothness, and clar- 
ity all determine visual acuity and the contrast sensitivity 
of the vision system. Hence, the inriportance of the opr 
tical quality of the cornea cannot be over-emphasized. 
[0030] The physical limits on the allowable surface 
roughness of the cornea can be understood by noting 
■the following facts: human photo-sensors on the retina 
have a wavelength sensitivity range of about 380-650 
hm in the optical spectrum; surface roughness exceed- 
ing half of the wavelength wjthin the sensitivity range will 
act as light scattering centers; therefore, any inhomoge- 
neity of the cornea surface or the inside stromal layer 
ideally should be kept at or belowO.2 microns to achieve 
. an optically-smooth corneal surface. 
[0031] The present invention recognizes that an opti- 
cally smooth corneal surface and a clear comea (Includ- 
ing post-operative clarity) are all critical to successful 
refractive corneal surgery. The invention was developed 
with a particular view to preserving these characteris- 
tics, 

[0032] The preferred rnethod of performing a surface 
ablation of comea tissue or other organic materials uses 
a lasersource which has the characteristics of providing 
a shallow ablation depth (0.2 microns or less per laser 
pulse, and preferably 0.05 microns or less per laser 
pulse}, and a low. ablation energy density threshold (less 
. than or equal to about 10 mJ/cm^), to achieve optically 
smooth ablated corneal surfaces. The preferred laser 
system includes a Ti-doped AI203 laser emitting from 
about 100 up to about 50,000 laser pulses per second, 
and preferably about 10,000 laser pulses per second. 
The laser wavelength range is about 198-300 nm, with 
a preferred wavelength rangeof about 198-215 nm, and 
a pulse duration of about 1-5,000 picoseconds. The la- 
ser beam cross-sectional area varies from 1 mm in di- 
ameter to any tolerably achievable smaller dimension, 
as required by the particular type of surgery. 
[0033] According to the present invention^ each laser 
pulse is directed to it^ intended location on the surface 
to be ablated through a laser beam contrbl means, such 
as the type described in a co-pending, commonly- 
ovvned patent application for an invention entitied "Two 
Dimensional Scanner-Amplifier Laser" (U.S. Patent Ap^ 
plication Serial No. 07/740,004). The present invention 
also discloses a method of distributing laser pulses and 
the energy deposited on a target surface such that sur- 
face roughness is controlled within a specific range. 
[0034] Additionally, the preferred : apparatus for per- 
fbrmihg comeal surgery includes a laser.beam intensity 



nionrtor and a beam intensity adjustment means, such 
that.constant energy level is maintained throughout the 
operation: The location for the deposition of each pulse 
of laser energy relative to^the surface to be ablated is 
5 controlled by monitor means such that eye movement 
during the operation is corrected for by a corresponding 
compensation in the location of the surgical beam. Pro- 
vision for a safe and efficadous operation is included in 
the preferred apparatus, such that the operation will be 

10 terminated if the laser parameters or the eye positioning 
is outside of a predetemiihed tolerable range. 
[0035] According to the present invention, various 
surgical procedures can be perfomied to con-ect refrac- 
tive errors or to treat eye diseases. The surgical beam 

IS can be directed to remove comea tissue in a predeter^. 
mined amount and at a predetermined location such that 
the cumulative effect is to remove defective or non-<Je- 
fective tissue, or to change.the curvature of the cornea 
to achieve improved visual acuity. Incisions on the cor- 

20 nea can be make in any predetermined length and 
depth, and they can be in straight line or curved patterns. 
Alternatively, drcumcisions of tissue can be made to re- 
move an extended area, as in a comea transplant 
[0036] Altiipugh the primary use of the prissent inven- 

25 tion is in ophthalmology^ the laser ablation process can 
be applied in areas of neurology for microsurgery of 
nerve fibers, cardiology for the removal of plaque, and 
urology for the removal of kidney stones, just to mention 
a few possible uses: The present invention can also be 

30 useful for applications in micro-electi-onics in the areas 
of circuit repair, mask fabrication and repair, and direct 
writing of drcuits. 

[0037] The present invention provides an improved 
method of cornea surgery which has accurate control of 

35 tissue removal, flexibility of ablating tissue at any de- 
sired location with predetermined ablation depth, an op- 
tically smooth finished surface after the surgery, and a 
gentle surgical beam for laser ablation action. 
[0038] The present invention also discloses a new 

^ method of. reshaping a comea surface with an optically 
smooth finish by depositing the laser energy in a pre- 
scribed pattern at predetermined locations. This is ac- 
complished with high speed, predsion control of the 
beam location, as disdosed in co-pending U.S. Appli- 

45 ciation Serial No. 07/740,004 for an Invention entitlecl "A 
Two Dimensional Scan-Amplifier Laser." 
: [0039] The present invention also discloses a means 
to improve accuracy and reproducibility of eye surgeiy 
by adjusting the surgical beam direction to; compensate 

50 for any eye movement during the surgical procedure. In 
addition, the surgical beam intensity, beam intensity pro- 
file, diameter, and location are impnitbred and main- 
tained during the surgery. . - 

55 Objects with respect to the inventive Method and 
Apparatiis for Surgery 

;[0d40] In accordance with the above discussion. 
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these and other functions can be accomplished accord- 
ing to the teachings of the present invention, which pro- 
vides a new and improved laser source, providing a gen- 
tler surgical beam and a shallower tissue etch depth 
than taught in the prior art. 

[0041] It is another object of the present invention to 
provide an improved apparatus and method for remov- 
ing organic materials from the surface bf living or non- 
living objects. The present invention Is specifically use- 
ful for the ablation of tissue on the comea. 
[0042] It is another object of the present invention to 
provide a method of ablating cornea or other organic 
materials to achieve an optically smooth surface. 
[0043] It Is another object of the present invention to 
provide new means of laser comea sungery, with a n^w 
laser source emitting a large number of laser pulses 
(about 100 to 50,000 laser emissions per second), each 
of which etches a shallow depth (about 0.2 microns or 
less) of the cornea tissue. 

[0044] It is another object of the present invention to^ 
provide new means'of lasfer cornea surgery, with a new 
laser source emitting a wavelength of about 198-300 
nm, with a preferred range of about 198-215 nm, and a 
pulse duration of about 1-5,000 picoseconds. 
[0Q4q It is another object of the present invention to 
provide means of depositing surgical laser beam energy 
vyith a beam control as described in co-pending U.S. Ap- 
plication Serial No. 07/740,004, for an invention entitled 
"A TWo Dimensional Scan-Amplifier Laser," to achieve 
exact positioning of each laser pulse. 
[0046] it is another object of the present invention to 
provide a gentler ablative surgery, with significantly re- 
duced damage and trauma^of the tissue or organib ma- 
terials adjacent to the ablation site. In comparison to the 
priorart. 

[0047] It Is another otJject of the present invention to 
provide means to remove cornea tissue or other organic 
materials at /predetermined locations, over predefer- 
mined areas, and with predeterrtiined depths of abla- 
tion, 

[0048] It is a specific object of the present invention 
to correct refractive errons, including myopia, hyperopia, 
and astigmatism, of the eye. It is another specific object 
of the present invention to correct refractive errors that 
maybe spherically symmetric or asymmetric. 
[0049] It is another object of the present Invention to 
remove scars, tumors, and infected br opaque tissue on 
the comea. 

[00^0] It is another object of the present invention to 
provide an improved method for perfomning a comea; 
transplant operation. 

[0051] It Is another object of the present Invention to 
provide an improved method of making incisions on the 
comea , to achieve correction of myopia and/or astigma- 
tism. , 

[0052] It is another specific object of the present in- 
vention that the in ventiye methods be automated with 
cbrnputer control for accurate and safe operation. 



[0053] It is yet another specific object of the present 
invention to provide control means for compensating for 
eye movement during an operation by malcing a corre- 
sponding adjustment of the surgical beam Ideation. 

Objects with respect to the Scanner-Amplifier Laser 
invention 

[0054] The following objects are in accordance with 
10 the teachings of the co-pending, comrnonly-owned pat- 
ent appliqation for the invention entitled "Two Dimen- 
sional Scanner-Amplifier Laser" (U.S. Patent Applica- 
tion Serial No, 07/740,004). 

[0055] An object in accordance with the present in- 
15 vention is to provide a scanner-amplifier unit which ac- 
cepts e low energy laser pulse and emits an amplified 
laser pulse at a predetermined angular positions in two 
dimensions. 

[0056] it is another object of this invention to disclose 

20 ^ construction. of a high speed scanner-laser amplifier 
system, which has the capability of large scan angles, 
and the capability of emitting high quality, near diffrac- 
tion limited jaser bearn. The scanner of the present in- 
, vention ckn position a laser beam in two dimensions in 

25 a random access mode at high speed. 

[0057] It is another object of the invention that the 
scanner-amplifier system generate ultra-short laser 
pulses of 1-600 picoseconds duration at a multi-kilo- 
hertz repetition rate, and that the energy of each laser 

30 pulses is amplified in a controlled manner to a desired 
level up to the damage level of the optical components. 
[005q It is another object of the invention that tlie la- 
ser medium is to be pumped by a plurality of laser beams 
in a longitudinal direction, such that high excitation den- 

35 sity is achieved in the laser medium. 

[0059] It is another object of the invention that the 
scanner-amplifier system can place an individual high 
energy laser pulse at a precisely intended angular loca- 
tion in a two-dimensional ispace. 

^ [0060] It is yet another object of this invention to con- 
struct a TlrAljOg laser with a high laser pulse rate, in the 
range of 1000 to 50,000 pulses per second, and with 
high average laser power, in the range of several watts 
or higher. 

45 [0061] It is an object of this invention that each laser 
pulse has high peak power, and a short pulse duration, 
of sub-picoseconds to hundreds of picoseconds. 
[0062] Still another object of this invention is to gen- 
erate stable and high conversion efficiency in the sec- 

50 dnd harmonic laser wavelength, which is used to gen^ 
erate populafion inversion in the TrrAlgQa laser mediurh. 
[0063] It is an object of this invention to provide a npv- • 
el method to attain high pump power in the second har- 
monic wavelength for the TliAljOg lasen 

55 [0064] It is an object of this inveritioh to propose a novr 
el method to attain high pump power in an end-pumping 
configuration for the ■n:Al203 laser. 
[0065] The preferred method for controlling the direc- 
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ti on of the laser.beam consists of a pair of scanning mjr- 
Fors driven by piezo actuators. The.mirror pair are driven 
. in tandem. The scan angles of the mirror pair are 
summed and amplified. by an optical arrangement. Two 
convergent spherical lenses of un-equal focal length are s 
arranged between the scanning mirrors in such a way 
that a laser beam will be travelling inside the cavity in 
which the boundary Is defined by the scan mirrors. For 
each round trip of the laser beam inside the cavity, the 
anglie of the laser beam to an exit window increases as io 
a multiple of the actual scan angles of the scan mirrors. 
[0066] In accordance with this invention, the direction 
of the laser beam emitted frorn the scianher-amplifier 
system is controllable in two dimensions, at high speed, 
and with high precision. is 
[0067] In a prefen;ed embodiment, the laser beam is 
generated by an amplifying means with a seeding laser 
pulses: bpticar retardation plate, Pockets ceil, and po- 
larization dependent optical elements are used for the 
control of a seed laser beam and for directing.that laser 2d 
bearn in the. amplifier cavity. A laser gain medium is in- 
eluded in the cavity. Means for exdting the laser medi- 
um, and for generating multi-kllohertz, ultra-short dura- 
tion laser pulses, are disclosed in the invention. Means 
for controlling this timing and the synchronization of the 25 
seed pulse, the pump source, and the amplified laser 
pulses inside the scanner-amplifier cavity are also pro- 
vided. . . ' ^ . 
[0068] It is an object of this ehibodiment to provide a 
means and method for combining a plurality of laser 30 
beams to provide a high power laser beam source. 
[0069] It is another object of the invention to provide 
a combiner for combining a plurality of laser beariis that 
does not require any form of specific polarization in any 
of the component beams. It is ah object of such a com- 35 
biner that it can form a beam bundle consisting of large 
number of beanns in a smiali cross sectionV 
[0070] It is yet another object of this invention to pro- 
vide a novel metho^d of combining a plurality of laser 
beams to provide a high power laser beam source for 40 
an end-i^umping configuration of a laser beam. The 
combiner eliminates limitations imposed by the physical 
size of the bearri steering optics and the optical mounts 
(an eariier method of beam combining relies on the di- 
rection of the linear polarization, jand this method is linrt- 45 
ited to combining two beams only). • 
[0071] The details of the preferred embodiments of 
the present invention are set forth ip the accompanying 
drawings and the description below. Once the details of 
the invention, are known, iiunrierous additional innova- so 
tions arid changes will become obvious to cine skiHed in 
the art. 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0072] 

F;IGUI%E~ 1 Is a block diagram of the prefeired. em^ 
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bodiment of the inventive apparatus. 

FIGURE 2A is a side view of a bearri diameter sen- 
sor. Including an imaging device, in accordance with 
the present invention. . . 

FIGURE 2B IS a front view of the imaging device of 
FIGURE 2A1 

FIGURE 3A is a side view of a beam location sen- 
sor, including a photo-deteqfbr, in accordance .with 
the present invention. 

• FIGURE 38 is a front view of the photo-detector of 
FIGURE 3A. 

FIGURE 4A is a perspective view of a vacuum ring 
used in conjunction with the present invention. . 

FIGURE 4B.is a top plan view pf the vacuum ring 
of FIGURE 4A: 

FIGURE 4C is a block diagram of an eye fracking 
system in ac^rdance With the present invention. 

FIGURE 5A is a block diagram of a first embodiment 
of a wavelength converter In accordance with the 
present invention. 

FIGURE 5B is a block diagram of a second embod- 
iment of a wavelength converter in accordance with 
the present invention. ' 

FIGURE 6 A is. a diagram of a first laser beam inten- 
sity profile In accordance with the prior art 

FIGURE 6B is a diagram of a comeai etch profile 
resulting from the laser beam intensity profile 
shown in FIGURE 6A. 

FIGURE 6C is^a diagram bf second and, third laser 
beam intensity profiles in accordance with the prior 
art. 

FIGURE i3D is d diagrarri of the comeai etch profiles 
resulting from the laser bearri intensity profiles 
shown in F1(3URE 6C. 

FIGURE 6E is a diagram of a pattem of laser beam 
intensity profiles in accordance with the prior art, 

FIGURE 6F is a diagrarii of the laser beam intensity 
profile resulting from the patterii shown in FIGURE 

6E. ■ ■ ; 

FIGURE .6G is a diagram of a corneal etch profile 
resulting from, the laser beam intensity profile 
shown in FIGURE 6R 
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FIGURE 7A is a diagram of a first level pattern used 
I'n scanning a target with the present invention. 

FIGURE 7B is a diagram of a second level pattern 
used in scanning a target with the present invention. 

FIGURE 7C is a top and side view of a patterh of 
concentric circles etched oh a cornea using the etch 
deposition patterns of the present invention. 

FIGURE 7D is a set of graphs showing the crest-to- 
trough distances of level one, level two, and level 
three etch patterns in accordance with the present 
irivention: 

FIGURE 7E Is a diagram showing the rheasurement 
axes used to compute the level two and level three 
crest-to-trough distances of FIGURE 7D. 

FIGURE 8 is a block diagram of a guide beam unit 
in accordance with the present invention. 

FIGURE 9A is a top view of a comea, showing the 
use of the present inventipn to make radial incisions 
on the cornea. 

FIGURE 9B is a cross-sectional side view of a cor- 
nea, showing variable-depth incisions made using 
the present inventk>n. 

FIGURE 9C is a top view of a comea, showing the 
use of the present invention to make transverse-cut 
indsfons on the? cornea, 

FIGURE 1 0A is a cross-sectional side view of a cor- 
nea, showing the use of the present invention to re- 
move tissue to a desired depth d over a predeter- 
mined area on the cornea, and showing an alterna- 
tive method for performing a cornea transplant. / 

FIGURE 10B is a cross^sectional side view of a cor- 
nea, showing the use of the present invention to cor- 
rect myopia. 

FIGURE 10C is a cross-sectional side view of a cor- 
nea, showing the use of the preserit invention to cor- 
rect hyperopia. 

FIGURE 11 is a schematic diagram of the integrated 
scanner-amplifier unit, consisting of a series of in* 
tra-cavity optical elements. 

FIGURE 12 is a schematic diagram showing a sec- 
ond embodiment of the integrated scanner-amplifi- 
er unit of the invention. 

FIGURE 13 Is a schematic diagram shpvying the. 
process of angular amplification for the laser beam 
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inside the scanher-amplifier cavity. 

FIGURE 14A is a schematic showing a means of 
generating stable second harmonic laser power. 

FIGURE 148 is a perspective showing of a spatial 
combiner for combining the plurality of pump beams 
ofFieURE14A. 

FIGURE 14C schematically depicts the combining 
of the beams of FIGURE ,14A into a single second 
hamionic beam firom the generated beam of FIG- 
URE 14A. 

FIGURE ISA is an exploded perspective view 
showing a method of mounting the laser medium. 

FIGURE 158 is a cutaway perspective view of the 
laser medium of FIGURE ISA enclosed in a water 
jacket for cooling. 

FIGURE 16 Is a block diagram showing the electri- 
cal connections- between the mode-locked Igser 
driver, the timer-divider circuit, the Pockels cell driv- 
er, and the Q-switch driver of the pump laser. 

FIGURE 17 Is diagram showing the synchronization 
between the mode'-locked laser pulses, the select- 
ed laser pulsus after the timer-divider circuit, the Q- 
svyitched laser pulses for pumping the g^in mediurn,. 
arid the half-wave optibal switch wave form. . 

[0073] LikQ reference riumbers and designations in. 
the various drawings refer to like elements. 

DETAILED DESCRIPtlON OF THE INVENTION 



[0074] Throughout this description, the preferred em- 
bodiment and examples shown should be considered 
'^o as exemplars, rather than limitations on the method and 
apparatus of the present invention. 
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Background information 

[0075] The laser apparatus and system disclosed in 
this invention is for achifsving two principal objectives: 

(1) The darnage ione underneath the material ab- 
lated by the presfent laser system must be substan- 
tially reduced in comparison to prior art laser sys- 
tems. 

(2) For each of the laser pulse deposited bh the cor- 
nea, a definite predetermined depth of tissue is to 
be ablated. The ablated depth per laser pulse must 

: be controllable and about 0.2 microns or less, and 
preferably about 0.05 microns or less. 

.- . ' - ■ . ' 

[0076] A brief discussion on the mechanism of the ab- 
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lation process is useful to understand how the stated 
objectives can be achieved by the teaching of the 
present invention. It is a well-known fact that laser at)- 
. lation can occur when the laser beam intensity is in- 
creased beyond a certain level. The actual Ablation con- 
ditions however, vary depending on the characteristics 
of a wide range of laser parameters and the composition 
of the material to be . ablated. For the purposes of the 
present invbntion/.only those aspects that iare relevant 
to the two principal objectives will t>e discussed. 
[0077] When laser energy is absorbed^in an organic 
material, oh the most basic level, the electronic config- 
uration of the target polyrher rriolecules rhakes a transi- 
tion to one of its excited electronic states. 
[0078] Each polymer Is made of hundreds or more of 
sut>-units of smaller molecules called monomers. The 
monomers are made of even smaller units of radicals 
consisting of combinations of hydrogen, carbon, oxy- 
gen, and nitrogen atoms. Depending on the energy level 
of the laser photons; a polymer can be broken into con- 
' stituent monomers, radicals, or ionized atoms. For a la- 
ser having a wavelerigth near 200 nm, a single laser 
photon is not sufRciehtiy energetic to break any molec- 
ular bond; However, after absorbing an Initial photon, a 
molecule is.pronribted to.an excited, electronic state con- 
figuratiori, with its electrons in higher energy orbits. 
[0079] With increased power levels of the laser beam, 
the excited electron density Increases correspondingly. 
At the same time, the excited electrons migrate down 
the polymeric chain of the organic material, and spread 
towards the bulk volume with lower excited state densi- 
ty. The present invention recognizes that the excited 
state electronic, orbitais are the means for energy stor- 
age that will eventually fuel the ablation process, and 
the electronic energy state migration process plays a 
key role |n the dynamics controlling the initiation of the 
laser ablation. 

[0080] As the laser beam, intensity, increases further 
towards the ablation threshold, the excited electron den- 
sity reaches a critical volume density such that the elec- 
tronic oriDitals can pair and transfer the. sum of their en-^ 
ergy to a single electron orbital, this process breaks the 
molecule into two or more pieces, and releases an en- 
ergetic electron. At this point, the organic medium is 
damaged but not yet ablated. 

[0081] Consider how the. geometric distribution of the 
exdted state ortirtals in an organic material. As the laser 
light is absorbed in the organic material, by Beer's law, 
the front surface .where the material, is first exposed en- 
counters nnost of the laser photons, and the beam inters 
sity decreases exponerjtially as it traverses deeper into 
the material. Hence, the spatial distribution of the excit- 
ed state density also decreases accordingly, character- 
istic of the absorption coefficient of the material at the 
laser wavelength. It follows that the slope of the distri- 
bution curve of the excited state density is directly relat- 
ed to the absorption coefficient. Additionally, the steeper 
.the slope of the excited state density disitributioh curve. 



the more spatially localized Is the excited state density. 
The preferred range of the absorption depth of the sur- 
gical laser beam in the cortiea is less then about 50 mi- 
crons. 

5 [0082] Alternatively, the ablation threshold can be 
reached at a lower laser, peak power, provided that the 
material is exposed for a longer period. In accordance 
with the discussion abovef, if th^ total integrated energy 
of a laser pulise is the same as that of a shorter pulse, 
ihe excited state density established by the longer pulse 
would be lower due to the additional time available for 
energy migration out of the irradiated volume. There^^ 
fore, to achieve the same ablation threshold for a longer 
pulse, the longer pufse must have a larger total integrat- 
ed energy than a shorter pulse having the same abliation 
threshold. Empirical results obtained froriri materials 
damage indicate that a particular damage threshold can 
be reached with a pulsed laser beam 100 tinries longer 
in duration than a shorier duration pulse, provided that 
the total: integrated energy of the longer laser, pulse is 
increased by about 10 fold over the integrated energy 
of the shorter pulse. 

[0083] In accordance with the discussfoh above, 
■When using longer duration pulses, the energy migration 
process is counter-balanced by additional laser beam 
pumping to build up the critical excited state density. Im- 
portantly, with a longer laser pulse, the excited state or- 
bitais diffuse from the front surface into the depth of the 
material (along the laser k>eam direction). Hence, the ex- 
cited state distribution curve will have less steep a slope 
compared to the curve from a shorter pulse. The present 
invention recognizes that the depth of the comeal layer 
which has sufficient excited state orbitais to satisfy the 
damage threshold condition will be correspondingly 
deepened. Therefore, the corneal damage inflicted by 
a longer duration laser pulse is more extensive than the 
damage inflicted with a shorter duration pulse. 
[0084] In consideration of these observations and 
characteristics, thef present invention uses short dura- 
tion laser pulses of about 1-5,000 picoseconds to re- 
duce infiicted damage to target tissues^ 
[0085] the other key objective of the present inven- 
tion is to achieve a shallow yet reproducible etch depth 
at the corriea surface from each laser pulse. It is.impor- 
tant to note that a reproducible etch depth will not nec- 
essarily be attained at reduced levels of laser energy 
per pulse, especially when the energy level is close to 
being at an arbitrarily small value above the ablation en- . 
ergy threshold. For an excimer laser, the typical laser 
energy density in the surgical beam required for domea 
ablation is about 150-250 mJ/cm^. The ablation thresh- 
old leviel for exdmer laser is at about 50 mJ/cm^; basi- 
cally no ablative action can be observed at a laser en- 
ergy density below this threshold level. 
[0086] It Is also important to note that observation of 
ablative action near the threshold condition is deter- 
mined by^ statistical process. That is, determination of 
the avierage etch'depth for laser beam energies hear the 
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ablation energy threshold are derived by measuring ac- 
tual etch depth after hundreds or sometimes thousands 
of laser pulses over the same location, and determining 
an average etch depth per pulse. On a single shot basis, 
however, the etch depth could vary slgniiRoantly, and 
most of the laser pulses may not ablate any material at 
all. 

[0087] Therefore, to ensure a reliable etch depth for 
each single laser pulse, the present Invention recogniz- 
es that the operating energy per pulse has to be set at 
a multiple of the ablation energy threshold level; a factor 
of 3 to 4 times the ablation energy threshold is usually 
sufficient to achieve satisfactory results.. Accordingly, 
the present Invention uses an ablation energy density 
of less than or equal to about 10 rpJ/cm^ to achieve a 
reproducible single-pulse etch rate of about 0.2 microns 
or less per laser pulse, and preferably 0.05 microns or 
less per laser pulse. This contrasts with current exdmer 
lasers, which only provide reproducible singfe-pulse 
etching at an etch rate of no less than about 0.3-0.5 mi- 
crons per laser pulse, with consequent light scattering 
due to cornea surfoce irregularities. 
[0088] The present Invention also recognizes the ben- 
efits of ablating comea with a laser beam having a low 
energy density. A gentle laser beam, one that Is capable 
of operating at a lower energy density for the surgical 
procedures, will clearly have the advantage of inflicting 
less trauma to tiie underiying tissue. The importance of , 
tills point can be illustrated by considering the dynamics 
of the ablation process on a microscopic scale: the ab- 
lation process is basically an explosive event. During 
ablation, organic materials are broken into their smaller 
sub-units, which cumulate a large amount of kinetic en- 
ergy and are ejected out of the host surface at a super- 
sonic velocity. The tissue beneath the ablated region ab- 
sorbs the recoil forces firom such ejections. The present 
invention recognizes that a shallower etch depth in- 
volves less ejected mass per area, and hence reduces 
the recoil forces con-espondingly. In accordance with the 
foregoing discussion, the laser characteristics of the 
present surgical system provide for an energy density 
tfiat results in a reproducible single-pulse etch rate of 
only about 0.2 microns or less per pulse, and preferably 
about 0.05 microns or less per pulse. Such a shallow 
etch rate means less mass ejected per laser pulse. The 
darriage impact on the underiying tissue is less by about 
a factor of 10 in comparison with the lowest etch rate 
attainable in the prior art. / 

{0089] Another way^to reduce the shock to tiie comea 
is by using a smaller beam area at the comea to reduce 
tiie integrated, recoil forces. Corisequently^ tiie laser 
beam cross-sectional area of the invention varies from 
1 mm in diameter to any tolerably achievable smaller 
dirriension, as required by the particular type of surgery. 
This characteristic of tiie invention contrasts with current 
excimer laser surgical systems, which subject an abla- 
tion zone to a surgical beam tiiat is 4-6 mm in diameter. 
[0090] In summary, the preferred laser Corneal surgi- 



cal system ablates corneal tissue reproducibly at a sin- 
gle-pulse etch rate of about 0.2 microns or less per laser 
pulse, and preferably about 0,05 microns or less per la 
ser pulse. In accordance with the present invention, a 

s laser source with a wavelengtii range of about 1 98-30Q: 
nm (with a prefened range of about ^198-215 nm), and 
a pulse duration of about 1-5,000 picoseconds, 
achieves reliable single pulse ablation ori tfie comea. 
The intensity of the laser pulses is regulated to have an 

10 ablation energy density of less than or equal to about 
10mJ/cm2. 

The Inventive Apparatus 



IS [0091] FIGURE 1 shows the prefen^ed configuration 
of the inventive apparatus. A laser unit 100 generates 
an initial laser beam B1. The laser unit 100 is of the type 
that can outputs a beam rapidly deflectable or scanna- 
ble under electronic control in two dimensions to any lo- 
20 cation in an area defined by orthogonal X arid Y axes. 
One such laser unit is described In detail in the co-pend- 
ing, commbniy-owried patent application for invention 
entitled "Two Dimensional Scanner-Amplifier Laser" (U- 
S. Patent Application Serial No. 07/740,004), and In the 
25 pertinent text reproduced below. 

[0092] The initial laser beam B1 comprises a se- 
quence of laser pulses having a pulse repetition rate of 
about 100 to 50.000 pulses per second. Each laser 
pulse has a pulse duration which can be varied from 1 
30 picosecond to about 5,000 picoseconds. The actual 
number of laser pulses used for a surgery is determined 
by the amount of tissue to be removed. 
[0093] In a preferred embodiment, the laser unit 100 
includes a seed laser 102 and a scanner-amplifier laser 
35 104. Preferably, the laser media in both the seed laser 
102 and the scanner-amplifier 104 is a Ti-doped AI2O3 
solid state laser crystal. Furtiier details of the structure 
and operation of the laser unit 100 are set forth below. 
[0094] After emerging from the laser unit 100. the la- 
40 ser bearn B1 passes through a computer-controllable, 
motorized zoom lens 106, which provides control over 
the diameter of the laser beam B1 . In practice, the zoom 
lens 106 may be placed in a n umber of suitable positions 
along the optical patfl of tiie laser bearn between the 
45 laser unit 100 and a target. The motor actuation of the 
zoom lens 106 may be by any known means, such as 
electrical gear drives or piezoelectric actuators. 
[0095] The prefen-ed laser wavelength for the initial 
laser beam B1 is in the range of about 790-860 nm. The 
5a laser photon energy in the initial laser bearii 81 is thpri 
convertedin a first wavelength converter 108 (described 
below) by nonlinear wave mixing to a second laser beam 
82 having approximately twice the initial laser beam 
photon energy, and a wavelengtii in the range of &bout 
55 395^0 nm. 

[0096] To attain the preferred operating laser wave- 
lengths of about 198-215 nm, the second laser beam 
82 is passed throiigh a second wavelength converter 
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110 (described below); The laser photon energy In the 
second laser beam'B2 is again converted by nonlinear 
wave mixing to a third laser beam B3 having approxi- 
mately four times the initiar laser beam photon energy, 
and a wavelength in the range of about 198-215 nm. 
[0097] In an altemative embodiment, the initial laser 
beam B1 may be wavelength converted to the desired 
wavelength rarige of about 198-215 nm using a one- 
step converter (described below). 

Surgical Laser Beam Control System 

[0098] 'While the third laser beam 83 could be used 
directly for surgical purposes, in the pi-eferred embodi- 
ment, the entire surgical laser apparatus includes a 
number of control and safety systems. In particular, the 
present invention includes means for monitoring and. 
controlling the intensity of the beam, means for blocking 
the surgical beam in the event of a malfunction, means 
for monitoring and controlling the laser beam diameter 
and Intensity profile, and means for verifying the two- 
dimensional (X-Y) scan position of the surgical beam. 
[0099] Refemng again Jo FIGURE 1, the third laser 
beam 83 passes through a beam intensity controller 
112, the output of which is the surgical laser beam S. . 
The beam intensity controller 112 permits regulation of 
the energy of each laser pul^e so that the etch depth of 
each. pulse may be precisely controlled. 
~ [0100] In the preferred embodiment, the beam inten- 
sity controller 112 is an electro-optical filter, such as an 
electrically activated Pockels cell in combination with an 
adjacent polarizing jfilter. The Pockels cell may include, 
for example, UNb03, or any other electroroptical crystal, 
such as potassium dihydrogen phosphate (KH2PO4), al- 
so known as KDP. Pockels cells are commercially avail- 
able firom several sources, including Medox Electro-Op- 
tics of Ann Arbor, Michigan. With the application of elec- 
tric voltage across the electro-optical crystal in a Pock- 
els cell, up to a half-wave retardation in the electric field 
vector of the inddent laser beam can be generated/ De- 
pending on applied electrical voltage, the linear polari- 
zation of a laser beam traversing the crystal can be re- 
tarded from a horizontal polarization to vertical, or vice 
versa. The polarizer placed adjacent the Pockels cell 
acts as a selector with respect to the Incident beam from 
the Pockels cell. As is known, if the beiam impinging on 
the polarizer is orthogphaljy polarized by the Pockels 
cell, the beam will be essentially blocked by the polar- 
izer. Lesser degrees of retardation generated by the 
Pockels cell will result in sorrie of the light passing 
through the polarizer. By controlling the amount of re- 
tardation generated in the Pockels cell, the intensity of 
the incident laser beam can be electrically controlled. 
[0101] . In the preferred embodiment, the beam iriten- 
sity controller 112 is coupled to a computer control unit 
114, which is suitably programmed to viary the intensity 
of the output surgicallaser beam S as required for a par- 
ticular surgical propedure. The degree of retardation as 



a function of applied electrical signal can be ascertained 
by standard calibration techniques. The preferred loca- 
tion of the t>eam intensity control unit 112 is as shown 
in FIGURE 1. However, the beam intensity control pnit 
5 112 can be placed af several suitable locations in the 
beam path between the laser unit 100 and a target. In 
. the preferred embodiment, the intensity of the surgical 
beam S is regulate to have an ablation energy density 
of less than or equal to about 10 niJ/cm^. 
[0102] The present invention optionally provides for 
positive feedback measuremerit of the beam intensity. 
A partiajly trarisniissive beam-splitting mirror 116 is 
placed alter the t>eam intensity controller 112, and the 
reflected beam R| is directed to a beam intensity sensor 
118. The beam intensity sensor 118 may be simply a 
photoceif, although other elements, such as focussing 
optics, rnay be included. By monitoring the electrical out- 
put of the beam iritehsity sensor 118 with the computer 
control unit 1 14, the intensity of the surgical laser beam 
S can be positively measured to verify the proper oper- 
atibh of the beam intensity controller 112. The output of 
the beam intensity sensor 118 as a function of intensity 
, of the surgical laser beam S ban be ascertained by 

standard calibration techniques. 
. [0103] The inventive system also preferably includes 
a safety shutter 120, which is coupled to the cornputer 
control unit 114. The safety shutter 120 may be, for ex- 
ample, a mechanically-actuated shutter operated in a 
"fail-safe" rhode. For example, the safety shutter 120 
may include a solenoid-actuated shield that is positively 
held open by application of electrical energy to the so- . 
lenoid. Upon command of the cornputer coritrol unit 114, 
or failure of the entire system, electrical energy to the 
. solenoid. Is cut off, causing the solenoid to retract, the 
shield into position to block the path of the surgical laser 
beam?. 

[0104] Altematively, the safety shutter 120 may in^ 
elude a Pockels cell and polarizer configured as a light 
valve, with the Pockels cell biased with respect to tiie 
polarizer by application of an electrical voltage such that 
maximurn light is normally transmitted by the combina- 
tion. Cessation of the applied voltage will cause the out- 
put of the Pockels cell to become polarized orthogonal 
to the transmission direction of the polarizer, hence 
blockirig the surgical laser beam 8. Using this altema- 
tive configui-ation, the safety shutter 120 and the beam 
intensity controller 112 rnay be combined into a single 
unit. 

[01 05] Any other suitable rtieanS for quickly blocldng 
the surgical laser beam S on command or in the event 
of system failure may be used to implement the safety 
shutter 120. In practice, the safety shutter 120 rnay be 
placed in a number of suitable positions along the optical . 
pathof the laser beam between the laser unit 100 and 
a target. 

[0106] To control beam diameter, the inventive sys- 
tem provides a partially ti^nsrhissive bearh-splitting mir- . 
for 122 that reflects part of the beam R^ to a beam dn 
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ameter sensor 124. In practice, the beam diameter sen- 
sor 124 may be placed in a number of suitable positions 
along the optical path of the iaser beam between the 
laser unit 100 and a target. 

[0107] Referring to FIGURE 2A, the beam diameter 
sensor 124 preferably includes at least a diverging (con- 
cave) lens 200 and a converging (convex) lens 202 con- 
figured as a magnifying telescope (i.e., the two lenses 
have a common focal point, with the focal length fa of 
the converging lens 202 being greater than the focal 
length f<, of the diverging lens 200, and having optical 
centers aligned witti the Incident laser beam in Its un- 
detected position). The incident beam R^j enters the di- 
verging lens 200 and exits the converging lens 202. 
Such a configuration of lenses, while enlarging the inci- 
dent beam, will also reduce the scan angle of the exrting 
beam. 

[0108] The resulting enlarged beam is directed to a 
low density, low contrast imaging device 204, such as a 
chargoHJoupled device (CCD) camera. In the preferred 
embodiment, a CCD camera having a 64 x 64 pixel array 
with two or more bits of contrast is suitable. Such cam- 
eras are available commercially. The two lens 200, 202 
are chosen to expand the incident beam R^ so that the 
largest possibl e diameter 206 for the beam just fits with- 
in the imaging device 204 (see FIGURE 2B, which 
shows only one row and one column of pixels). 
[0109] In the preferred embodiment, the size of the 
beam is determined by periodically addriessing a central 
row and a central column of the imaging device 204 and 
counting the number of pixels on each sampled axis that 
have been illuminated. By comparing the diameter of the . 
beam in both the X and Y directions, the beam diameter 
sensor 124 can deterrnine whether the indident laser 
beam 81 is approximately circular and has the desired 
diameter For example, if the number of pixels Illuminat- 
ed on each axis is 20 pixels, the beam will . be known^to 
have half the diameter of a beam that illuminated 40 pix- 
els along both axes. As another example. If for any rea- 
son the beam has become elliptical, the number of pix- 
els of the imaging device 204 illuminated along the X- 
axis will differ from the number of pixels Illuminated 
along the Y-axis. 

[0110] The beam diameter sensor 124 can also be 
used to determine the intensity profile of the Taser puls- 
es» since each pbcel in the beam diamet^sr sensor 124 
can generate an output indicative of the Intensity of light 
incident to the pixel. By comparing pixel values ft-om ra- 
dially symmetric points in the pixel array, it can be de- 
termined if an incident laser pulse or series of pulses 
has the desired radially symmetric intensity profile, or if 
the pulses have developed "hot spots" of out-range in- 
tensity values: 

[0111] The butput of the beanri diameter sensor 124 
is coupled to the cortiputer control unit 114. The compu- 
ter control unit 114 is in turn coupled to the motorized 
zoom lens 106, which provides control oyer the diameter 
of the laser beam B1. The computer control unit 114 is 



suitably programmed to vary the diameter of the laser 
beam as required for a particular surgical procedure. 
The output of the beam diameter sensor 124 as a func- 
tion of beam diameter can be.ascertained by standard 
5 calibration techniques. . 

[01 12] This configuration provides positive feed-back 
of the beam diameter emanating from the laser unit 1 00. 
If the beam diameter sensor 124 detects an out-of-range 
beam (either diameter or intensity profile), the computer 
10 control unit 114 can take appropriate action, including 
activation of the safety shutterl 20. 
[0113] To verify the X-Y scan position of the laser 
beam, the inventive system provides a partially trans- 
missive beam-splitting mirror 1 26 that reflects part of the 
15 beam energy R^ to a beam location sensor 128. Refer- 
ring to FIGURE 3A, the beam location sensor 1 28 pref- 
erably includes at least a converging (convex) lens 300 
and a diverging (concave) lens 302 configured as a re- 
ducing telescope (i.e., the two lenses have a common 
20 focaLpoint, with the focal length f2 of the diverging lens 
302 being greater than ttie focal length fyof the converg- 
ing lens 300, and having optical centers aligned with the 
incident laser beam in Its un-deflected position). The in- 
cident beam R^ enters the converging lens 300 and exits 
25 the diverging lens 302. Such a configuration of lenses, 
while reducing the incident beam, will also increase the 
scan angle of the exiting beam. 
[01 14] The resulting increased-scan angle beam is di- 
rected to a silicon photo-detector 304 which provides a 
30 voltage reading with respect to the two-dimensional (X- 
Y) location of an illuminating spot at the detector sur- 
face. Such detectors are comnrierctally available from a 
variety of sources, including United Detector Technolo- 
gies, UbT Sensors, Hawthorne, Califomia. The output 
35 of the beam location sensor 128 is coupled to tiie com- 
puter control unit 114. 

[0115] ■ Calibration of the voltage reading generated 
from the lin-deflected incident beam position on the de- . 
tector 304 will indicate the origin OR of the laser beam 

40 in the XY-scan plane. Any deflection of the beam frorn 
the origin OR will generate voltage readings iridicative 
of the spot on the detector 304 surface illuminated by 
the laser beam. These voltage readings are calibrated 
against the indicated location of the surgical beam as 

45 set by the computer control unit 114. During operation, 
the output of the beam location sensor 1 28 would be 
sampled periodically (for example, about 1,000 times 
per second) and compared to a prepared calibration ta- 
ble in the corfiputer control unit 114 tp determine if tiie 

50 actual beam position matches the indicated position. 
[0116] This configuration provides positive feed-back ' 
of the beam position emanating from the laser unit 100. 
If the beam location sensor 128 detects an out-ofi>osi- 
tion beam, the computer cohtroi unit 114 can take ap- 

55 propriate action, including activation of the safety shut- 
ter 120. 

[0117] thus, the preferred embodiment of the inven- 
tive surgical laser apparatus provides for safe and ef- 
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fective surgery by continuously monrtorihg all aspects 
of the condition oT the surgical laser beam S, Including 
beam intensity,, diameter, and X-Y scan position. 

. Eye Traclahg System . 5 

[0118] When using the inventive system, it is impor- 
. taht to minimize eye movement with respect to the sur- 
gical laser beam S. Therefore, in order to locate the eye 
relative to the surgical laser beams, a conventional sue- io 
tion ring 400, such as is shown in FIGURE 4A, Is used 
to immobilize the eye. Such devices are commercially 
available, for example, from Stetnway Instruments of 
San Diego, California. Such suction rings are further de- 
scribed, for example, in U.S. Patent No. 4.718,418 to is 
UEsperance, Jr. 

[0119] A suction ring 400 is normally applied to the 
yvhite (sclera) region of the eye and connected to a low 
suction pressure suflicierit to clamp the ring 400 to the 
eye. but not so great that the cornea is distorted. The 20 
use of such a ring 400 is well-known in the art. 
[0120] Despite the use of a suction ring 400 to immo- 
bilize an eye, some movement of the eye rhay occur 
(possibly through movement of the suction ring 400 itself 
by a surgeon). Therefore, the present invention provides 25 
an eye tracking system 130 to compensate for relative 
moverhent between the eye and the surgical laser beam 
S. As shown in FIGURE 1, the eye tracking system 130 
Is placed In the path of the surgical laser beam S^ pref- 
erably in close proximity to a target eye. 30 
[0121] Refining to FIGURES 4A, 4b, and 4C, a con- 
ventional suction ring 400 is provided with distinct marks 
402, 4P4v 406 on the back of the ririg facing the surgical 
laser system (see particulariy FIGURE 4B). The marks 
may or may not be subdivided by cross-marks, for visual 35 
reference by a surgeon. In the preferred embodiment, 
the marks iriclude an X-axis 402, :an orthogonal Y-axis 
.404; and a radial axis 406. the marks are preferably 
made to be highly reflective of broadband illuminating 
light, and the. background of the suction ring 400 is pref- 40 
erably flat black to enhance contrast and mininriize exr =^ 
trarieous reflections. 

[0122] The eye tracking system 130 includes a pair of 
steering mirrors 408, 410 each comprising a reflector 
mounted on a galvanometer scariner or similar actuator 45 
device. which is controllable by a computer, and a rota-, 
tiohal control device consisting of a dove prism 409 . 
mounted \Anth its rotational axes aligned with the surgical 
laser bieam S (see FIGURE 4C). A motorized drive unit 
. 411 Is attachedto a g&ar or bell drive deslgned to control so 
the rotation of the dove prism 409. As is known, rotation 
of a dove prisnri will cause an exit beam to be rotated 
with respect to an inqdent beam. The steering rnirrors . 
408, 410 are mourited vyith their rotational axis orthog- . 
onal to each other and. situated such that, the surgical ss . 
Igser beam S enters the eye tracking system 1 30, pass- 
es through the dove prism 409, bounces off of a first 
steering mirror 408 to the second steering mirror 410, 



and thence to a target comea. The steering mirrors 408, 
410 and the dove prism 409 therefore provide a means 
to "bias" the surgical laser beam S to compensate for 
niovenrient of the eye relative to the surgical laser beani 
S; - ' . -/ * 

[01 23] Control of the steering rnirrors 408, 410 and the 
dove prism 409 is provided by reflecting the image of 
the illuminated marks 402, 404, 406 on the suction ring 
400 back up the optical path of the surgical laiser beam 
S to a partially transmissive beam-splitting niirror 412, 
which directs the reflected image onto a tracking sensor 
. 414 (other elements, such as focussing, optics, may be 
Included' In the tracking sensor 414). In the preferred 
embodiment, the tracking sensor 414 includes three lin- 
ear array sensors 416, 418, 420. Each linear array sen- 
sor 416, 418, 420 corresponds to one of the marks 402, 
404, 406 on the suction ring 400, and Is oriented orthog- 
onally to the.corresponding mark. In the preferred ern- 
bodiment, each linear array sensor may be a linear reti- 
con with abput 1 ,024 or rtibre sensing elements per inch. 
Such linear reticons are available commercially, such as 
from EG&G/ Princeton, NJ. 

.[01 24] Because of the orthogonal orientation of each 
mark 402, 404, 406 with respect to a cdrrespondihg lin- 
ear array sensor 416, 418, 420, any movement of the 
suction ring 400 will result in a relative displacement of 
the reflected image of one or more of the marks 402, 
404, 406 with respect to the corresponding linear array . 
sensor 416, 418, 420. Such movement can be easily 
detected by comparing a stored initial position of each 
marie 402, 404, 406 with the position of each mark de- 
termined by periodically scanning the output of each tin- 
ear array sensor 41 6, 418, 420. Because of the relative 
orientations of the marks 402, 404, 406, translational 
moyements of the suction ring 400 in the X and Y direc- 
tions, as well as rotational movements, can be detected. 
The output of the tracking sensor 414 as a functibh of 
the positions of the reflected marks 402, 404, 406 can 
be ascertained by standard calibration techniques. 
[0125] Th^ eye tracking system 1 30 may be provided 
with its own feedback control system to adjust the ppsl- 
tiohs of the steering mirrors'408, 410 arid the dove prism 
409 to compensate for detected relative motion of the 
eye with respect to the surgic?al laser beam S. AItema- 
tively, the eye tracking system 130 may be coupled to 
the computer control unit 114. Control of the eye tracking 
system 130 through the computer control un it 114 is pre- 
ferred, since the computer control unit 114 can activate 
the safety features of the inventive system (e.g., the 
safety shutter .120) if the target eye is irnproperiy aligned 
with the surgical laser bearh S or if a failure occurs in . 
the eye tracking system . 1 30. . 

[01 26] In either case, the output of the tinacking sensor 
414 would be monitored, and the positions of the steer- 
ing mirrors 408, 410 and the dove prism 409 adjusted 
accordingly. In compensating for relative eye move- 
ment, it is.preferable to first correct for the reflected inv- 
age position of the mark 402, 404, 406 Having the great- 



25 



EP 1 159 986 A2 



26 



est deviation. 

[012T] The inventive eye tracking system thus pro- 
vides a means of improving the accurate placement of 
laser pulses to the cornea. By using distirict marks 402, 
404, 406 ph the suction ring 400, the invention provides 
more precise detection of relative movement of the eye 
compared with systems using a natural Indicator, such 
as the pupil Or the sclera of the eye (which* in any case, 
CQUId not indicate rotational movement). 



Method of Depositing Laser Pulses 

[0128] Another problem addressed and solved by the 
present invention is the proper deposition of laser beam 
energy on the cornea to ablate tissue to any desired 
depth while leaving an optically-smooth comea surface 
after the laser surgery. In the prior art, it has been known 
to apply a laser beam in a raster scan or a circular or 
spiral scan pattern over the area of the comea where 
tissue is to be removed (see, for example. Figs. 3 and 
4 of U.S. Patent No. 4,718,418 to L'Esperance, Jr.). A 
problem with such patterns when used with prior art la- 
ser systems is that such system^ ablate tissue to a depth 
of about 0.3 to 15 microns or more per laser pulse.- A 
typical procedure for laser btchihg of the comea must 
remove from about 0.2 microns or less, up to about 50 
microns of tissue. Since it is essentially impossible to 
accurately place each and every pulse so that it is per- 
fectly contiguous to a neighboring pulsie, ridges or 
grooves in the corneal surface of the same magnitude 
will result from the imperfect pattern of deposition of la- 
ser pulses. Accordingly, post-operative visual acuity will 
be reduced because of light scattering from the inhomo- 
geneiiy of the tissue at the uneven interface. 
[0129] Anottier problem of the prior art, particularty 
with excimer lasers, is that the beam intensities used 
have principally had a "top haf intensity profile of the 
type shown in FIGURE 6A. Such an intensity profile will 
result in essentially a mirror-image ablation profile, as 
shown in FIGURE 6B. 

[0130] Attempts have been made to avoid the sharp 
edges caused by a "top hat" intensity profile by adopting 
instead a radial profile having a Gaussian intensity pro- 
file (intensity = e-2(r/a>)2^ where CD is the beam waist) 
(curve 600 in FIGURE 6C) or a super-Gausslan intensity 
profile, which is a slightly modified Gaussian curve with 
a lesser gradient at the center (curve 602 in FIGURE 
6C), resulting in correspondingly shapekJ tissue ablation 
profiles, as shown in FIGURE 6D. 
[0131] To overcome the problem of hazeH'riducing 
ridges and grooves, the prior art has attempijted to over- 
lap Gaussian or super-Gaussian beam intensity profiles 
to generate a smoother average etch profile. For exam- 
ple, as shown in FIGURE 6E, overiapped Gaussian 
beam intensities result in an average beam intensity 
equivalent to that shown in FIGURE 6F, which results in 
a con-esponding mirrorrimage ablation etch profile as 
shown In FIGURE 6G. 



[0132] A problem with this approach Is that, during 
photbablatibn, vaporized tissue material is expelled 
fi^ni each tissue site ablated by a laser pulse (the ex- 
pelled tissue is known as "plume"). It is known that such 
5 expelled debris can scatter photons in an incoming laser 
beam (this is known as "shadowing"). As should be ex- 
pected, this phenomena reduces the intensity of the 
beam, thus, when laser pulses are overiapped as de-. 
scribed above, a prior adjacent pulse will generate d 
10 plume that partially shadows or obscures the incoming 
laser beam of a subsequent adjacent laser pulse, caus- 
ing nonuniformrty of tissue ablation and hence irregular- 
ities on the cornea surtace^ 

[0133] An additional problem of prior art overiapped 
IS laser deposition patterns is that such patterns are re- 
peated in such a manner that significant-sized ridges 
and grooves are still formed between pulse centers. 
[01 34] The solution of the present Invention to the 
problems of the prior art laser deposition patterns is to 
20 use a Gaussian, or, preferably, a super-Gaussian inten- 
sity profile for each laser pulse, and to deposit the pulses 
In a plurality of layers, each layer having a regular geo- 
metric pattern. The origin of each layer of the pattern is 
off-set by a specific distance in either the X or Y dimen- 
25 sion from each prior, or subjacent, layer. The inventive 
pattern avoids the problem of plume by not pveriapping 
the laser pulses of any one layer, and overcome? the 
problems of prior art ridge and groove formation by uni- 
formly depositing laser energy over the surface to be 
30 etched. Because of the shallow etch depth of each laser 
pulse of the present invention (about 0.2 microns or 
less), etching can be stopped essentially at any point in 
the ablative process while leaving an optically smooth 
comea surface. 
35 [0135] Refen-ing to FIGURE 7A, shown is a part of a 
first level scan pattem, comprising a single etch layer. 
In the preferred embodiment, each laser pulse creates 
an etch profile with an approximately circular cross-sec- . 
tion with a radius r, which may typically range from about 
0.02 mm to about 0.5 mm. The scan pattem pro- 
grammed into the laser unit 100 lays down a pattem of 
pulses in a hexagonally-packed array of the type shown 
in FIGURE 7A. That is, the center A of each circular 
cross-section etch circle 700 of radius r is spaced a dis- 
-tance D, equal to 2r, from the center A of each other 
etch circle 700. As is known, the pattem resulting from 
this simple criteria is a hexagonallyrpacked iarray of cir- 
cles (the d(ptted hexagons shown in FIGURfe 7A are for 
purposes of illustrating the packing pattem, and do riot 
so forinany part of the etch profile). 

[0136] While it is prefen-ed that tiie etch circles be 
non-oyeriappihcj and contiguous, the invention encom- 
passes slight overiapping and/or spacing of etch circlejs 
due to tolerance limits on positioning etch circles with a 
ss practical laser apparatus. 

[0137] A benefit of the hexagonally-packed array of 
etch circles is that the pattem is simple to program into 
the scanning control system of the laser unit 100 as a 
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. modified raster scan. If etch cirde 702 having center A' 
is considered to be ttie origin fipr the initial first level paft- 
tem, the laser unit 100 need only move the laser beam 
In the X, direction a distance of D to the center A for the 
next etch circle 704. Additional etch circles are created 
in the same rnanner for the first row, until the opposite 
edge of the area to be ablated is reached: Such preci- 
. sion of placement of etch circles Is made possible by the 
hig[hly accurate X-Y positioning capability of the laser 
unit 100, particulariy when used in conjunction with the 
eye-tracking system described above. 
[0138] After the first row of etch circles is completed 
in the same manner, the laser beam is rhoved down in 
the Y direction a distance of about 0.866D (one-half the 
square root of 3 times D, representing the vertical dis- 
tance between centers of adjacent rows), and left or 
fight along the X direction by y^D (representing the hor- 
izontal distance between centers of adjacent rows). The 
beam is then either scanned backwards, or retumed to 
the original "edge".of scanning and scanned forwards in 
.tfie same manner as the first row. Each subsequent row 
is created in the same manner, until the bottom edge of 
the area to be ablated is reached, thus completing the 
first level layer. 

[0139] Although a regular order of etch circle deposi- 
tion is preferred for ease of programming the laser unit 
100, the accurate X-Y positioning capability of the laser 
unit 1 00 permits the etch circles for a particular layer to 
be deposited in any order, indudrng randomly. 
[0140] A characteristic of the first level pattern shown 
In FIGURE 7A Is that no drcular etch substantially over- 
laps any other drcular etch. Consequently, the problem 
of plume is minimized. While laying dowrj only the first 
level pattern shown yvill result in ridges In the gaps be- 
tween etch drcles, because of the shallow etch depth 
used, the crest-to-trough distance of any ridge area R 
to the center A of any etch circle 700 will be at most 
, about the sarrie as the etch depth of a single etch (about 
0.2 riiicrons or less). 

[0141] After laying down the Initial first level pattern 
shown in FIGURE 7A, the inventive method preferably 
lays down a second level pattern, comprising three etch 
layers. Each second level etch layer is an exact replica 
of the single etch layer of the first level pattern (i.e., an 
hexagonally-packed array of etch circles of radius /). 
However, the origin of each of the three layers with re- 
spect to each other and to the first level layer Is unique, 
in order to minimize ridges and grooves in the etched 
cornea, each layer of the second level pattem is offset 
ftom the single layer of the first level pattem to even-out 
the distribution of laser energy across the cornea. This 
concept of off-setting subsequent layers in bxact relar 
tiohship with respect to an initial layer is in contrast to 
the pribrart, which typically repeats the etching process 
by sweeping the laser beam across the ablation zone 
without reference to the exact location of each of the 
laser pulses,. 

[01.4;q More specifically, the origin of the first layer of 



thesecondlevelissetatppintBI (or an equivalent point; 
see below) of FIGURE 7 A, which Is one-half the dis^ 
tance P between the first level origin A* of etch drde 702 
and the center of the adjacent etch drde 704/ Using 
5 point Bi as an origin, the laser unit 100 is programmed 
to lay down an entire an-ay of etch circles covering the 
area to be ablated, using the same rules for changing 
beam location as described above for the first level etch, 
layer. 

10 [01 43] Similarly, the origin of the second layer of the 
second level is set at point B2 (or an equivalent point; 
see below) of FIGURE 7A, which is one4ialf the dis- 
tance D between the first level origin A' of etch circle 702 
and the (center of the adjacent etch cirde 706 in the next 

15 row. Using point B2 as an origin, the laser unit 100 is 
programmed to lay down an entire. array of etch di-des 
covering the area to be ablated, using the same rules 
for changing beam location as described above for the 
first level etch layer. 

20 [0144] Lastly, the origin ofthe third layer of the second 
level is set at point B3 (or an e<iuivalerit point; see below) 
of FIGURE 7A, which is one-half tfie distance D between 
the center of etch circle 704 and the center of the adja- 
cent etch drde 706 In the next row. Using point Ba as 

25 an origin, the laser unit 100 is prograrnmed to lay down 
an entire array of etch drcles covering the area to be 
ablated, using the same; rules for changing beam loca- 
tion as described above for the first level etch layer. 
[0145] The resulting etdi pattem for the second level 

30 will resemble the pattern shown in FIGURE 7B, which 
shows the first level centered at A* as thick-lined cirdes 

715, the first layer centered at point BI as solid drdes 

716, the second layer centered at point B2 as dotted 
cirdes 717, and the third layer centered at point 83 as 

35 dashed cirdes718. If desired, the level one and two etch 
patterns may be repeated as needed to obtain the de- 
sired amount of ablation. 

[01 46] Although the second level comprises three lay- 
ers, all three layers need not be completed. Further, the 

40 first layer of the second level can (je started with its origin 
at any of the three polnte BI , B2, or B3, since all of these 
points are georhetrically equivalent. More generally, 
equivalents of these three offset points exist throughout 
the grid of centers A defined by the initial first level layer. 

. 45 Thus, any equivalent offset point in the second level nfiay . 
be selected as the origin of one of the three layers com- 
prising the sec?pnd level. The overall etch profile (defter- . 
mined as described below) determines which of the 
equivalent second level ofiiset points will be selected to . 

50 achieve maximum ablation where required in the sur- 
face being etched, and whether the desired degree of 
smoothness of finish requires completion of each of the 
second level layers. However, to ensure evenness of 
etching, it is generally desirable to complete all layers 

55 of the second level before additional levels of etchirig 
commence. 

[0147] As an ahemative way of modelling the first and 
second levels, they may instead be considered as a siri- . 
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gle etch pattern "unit" comprising four etch layers ar- 
ranged to overlap in the manner shown in FIGURE 7B. 
[0148] If desired, furthisr levels of etch patterns could 
be generated in a similar fashion by repeating levels one 
and two, using new origins. A characteristic of the ge- s 
ometry of an hexagonal packing an-ay lends Is that it 
lends Itself to creation of repeating regular patterns. For 
example,, refening to FIGURE 7A, the origins B1, B2, 
and 83 for the second level etch layers comprise the 
midpoints of a triangle T1 connecting the centers of etch io 
circles 702, 704, and 706. A second triangle T2 can be 
created by connecting the centers of etch circles 704, 
706, and 708 (shown in dotted outline in FIGURE 7A). 
These two triangles comprise a symmetrical unit that Is 
repeated throughout the pattem of centers A defined by is 
the initial first level pattem. Moreover, by connecting ad- 
jacent midpoints, each of the triangles T1 and T2 can 
be subdivided into four smaller, equal-sized triangles, 
as shown in FIGURE 7A The midpoints of each sub- 
triangle in a T1-T2 unit not shared with a similar T1-T2 20 
type unit comprise twelve btfeet points C1-Ct2thathave 
equivalents throughout the grid of centers A defined by 
the initial first level layer. 

[0149] Each of these equivalent offeet points G1-C12 
can be used as an origin for a set of level one and level 25 
two etch patterns. Thait is, taking point 011 as an exam- 
ple, G11 can be selected as the center of a level one 
pattern, the level one pattem centered at C11 then de- 
fines a new grid for a con-esponding level two pattem. 
Similarty, point 02 could Ihen be selected as the center 30 
of another level one pattern. The level one pattem cen- 
tered at 02 then defines a new grid for a conresponding 
level two pattem. 

[0150] With such third level equivalent offset points 
defined, any of them may be selected as the origin of 35 
one of the 48 layers (12 level one/level two sets) com- 
prising the third level. The ovierall etch profile (deter- 
mined as described below) determines which of the 
equivalent third level offset points wiil be selected to 
achieve maximum ablatton where required In the sur- 40 
face being etched, and whether the desired degree of 
smoothness of finish requires completion of each of the 
third level layers. However, to ensure evenness of etch- 
ing, it is generally desirable to complete all layers of the 
ttiird level before additional levels of etching commence. 4$ 
[0151] The process of defining subsequent levels 
may be extended as necessary, by defining equivalent 
ofliset points based on repeating geometrical units de- 
termined by the grid of centers A defined by the initial 
first level layer. The general rule is to divide a previous so 
level into additional triangles based on the grid defined 
by the initial first level layer. This \^ done by connecting 
three adjacent origins to form such triangles, and then 
using the midpoints of such triangles as new origins. 
[0152] The extent of improvement on the sur^ce ss 
smoothness by the precise positioning of multiple layers 
of etch profile is Illustrated in the following: Using a 
Gaussian laser beanri profile as an example, and setting 



the laser energy density at the peak of the laser pulse 
to be four times the ablation threshold, the surface 
smootiiness can be characterized in relation to the rhax- 
imum etch depth of a single laser pulse. For example, 
atter applying the first level etch pattem as described 
above using a Gaussian intensity profile, thia maximum 
crestrto-trough distance of the etch patterns anywhere 
wittiin the boundaries of the etched area will of course 
be 100% of the maximum crest-to-trough distance of a 
single etch circle. By applying just two levels of etch pat^ 
terns as described above using a Gaussian intensity 
profile, the maximum crest-to-trough distance of the 
overiapped etch pattems anywhere within the bounda- 
ries of ttie etched area will be at most about 53% of the 
initial first level pattern atone. By applying three levels 
of etch patterns using a Gaussian Intensity profile, the 
maximum crest-to-trough distance of the overiapped 
etch patterns anywhere within the boundaries of the 
etched area will be at most about 20% of the Initial first 
level pattem alone. Since the crest-to-trough distance 
for the initial first level pattem is about 0.2 microns or 
less, and preferably about 0.05 microns or less, even 
the second level pattem may be suffident to achieve ttie 
desired result. 

[0153] This analysis is graphically presented in FIG- 
URE 7D, which shows a set of graphs showing the cu- 
mulative crest-to-trough distances of level one, level 
two, and level three etch pattems in accordance with the 
present Invention. The Y-axis of each graph shows the 
cumulative etch depth in units of the maximum etch 
depth of a single laser pulse. The X-axis shows etch 
depth as a function of the distance from an etch drde 
center out along one of the three symmetry axes for an 
hexagonal array. FIGURE 7E shows the measurement 
axes used to compute the level two and level three crestr 
to-trough distances of FIGURE 7D. The notation for the 
endpoints of the X-axis of FIGURE 7D conesponds to 
the notation for the rriisasurement points shown in FIG- 
URE 7E. 

[0154] The regular characteristics of the inventive 
deposition system are useful when etching the cornea 
in a 'stepped pyramid" fashion (in terms of laser pulse 
count), with fewer etch drcles deposited towards the pe- 
riphery of the comea and more etch drdes deposited 
towards the center. As shown in FIGURE 70, the result- 
ing overall etch pattem typically resembles concentric 
cirdes (although other shapes are possible). When 
etching from the outer edge to thd center, the entire cor- 
nea Is etched to the diameter of ring 720, using the etch 
pattems discussed above. Using the original grid of 
centers A from the very first level, a new origin at an 
equivalent offset point within ring 722 is chosen when 
the tissue in ring 720 has been etched to the desired 
degree. Etching continues over the entire cornea en- 
compassed within the diameter of ring 722. Again, using 
the original grid of centers A from the very first level, a 
new origin at an equivalent offset point vyithio ring 724 
Is chosen when the tissue In ring 722 hsis been etched 
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to the desired degree. Etching continues over the entire 
cornea encompassed within the diameter of ring 724. 
The process continues in similar fashion until the center 

. ring 726 is etched to the proper depth. (Note that the . 
(diameter of the laser pulses may be made smaller in the 
inner rings to provide a finer etching grid, in which case, 
a new initial first level pattem defining such a grid may 

. be laid down and used in detemnining equivalent offset 
points for subsequent levels). 

[01 55] As should be de^r by considering FIGURE 7C, 
the etch process could be done in reverse order, with , 
center ring.726 etched first, then the arba encompassed 
/ within the diameter of ring 724, then' the area encom- 
. passed within the diameter of ring 722, and finally the 
area encompassed within the diameter of ring 720. 

Wavelength Converter Means 

[0156] As described above, the inventive system in- 
. eludes at least one wavelength converter to alter the 20 
' wavelength of the Initial laser beam B1 to the desired 
wavelength In the range of about 198-215 nm. 
[01 57] A first example of one wavelength converter is 
shown in FIGURE 5A. In FIGURE 5A, the initial laser 
^ beam 61 emerging from the laser unit 100 is shown to 25- 
• have been scanned at anincldent angle 0^ from its cen- 
tral position 500, which is defined as the center position 
of the total scan angle to fc>e covered for an intended 
surgical operation. Generally, the laser beam is scanned 
. in two dimensions, and hence two angular positions are 30 
needed to spedfy each unique beam position. In the 

. preferred embodiments shown in FIGURES 2A and 2B, 
the optical system Is spheiicaily symmetric. Thus, only 
one of the incident scan angles will be illustrated In the 
following discussion without loss of generality. 35 
[0158] In FIGURE 5A, a convex lens A is located at a 
. . distance f(A), the focal length of lens A from the piVbt 
point of the scanned laser beam Bl. In the illustrated 
embodiment, the pivot point is inside the scariner-am- 
pllfier unit 104, at an equivalent position of the scan mir- 40 
for near the exit dielectric mirror, as described below. A 
hohlinear optical crystal 502 is chosen such that phase 
matching angles exist with a proper crystal orientation 

. so that a fundamental laser wavelength within a range , 
of about 790-860 nm can be converted to its second har- 45 
mohic at a wavelength in the range of about 395-430 
nm. One possible such crystal is beta-Ba2B04 (beta 
t}arium borate); This crystal has a phase matching angle 
at about 26-30? for the wavelength range stated abovei 
in type I phase matching conditions. The nohlineaFcrys- 50 
= . tal 502:is positioned at a distance f(A) from the lens AL 
The Incident laser beam Bl is weakly focused at the 
crystal 502 with a choice of a long focal length for lens 
A. Another convex lens B located at the focal length f(B) 
of lens B from the crystar 502 re-collimaties the beam 55 

. into an emergent laser beam B2. Preferably, both lenses 
A and B are coated for maximum transmission at laser 

' lengths for which each transmits. \ 



[0159]. The dimensions of the nonlinear crystal 502 
are chosen such that the surface area where the inci- 
dent laser beam B\ enters the crystal 502 is sufTicientty. 
large that the laser beam will not be ait off at the ex-. 
5 tremity of ifs'scan angles. The length / of the crystal 502 . 
is such that the conversion efficiency is to be optimized, 
in consideration of the walk offbetween the fundamental 
and the second hamntonic beartii the group velodity dis- 
persion, and the spectral bandwidth for the short dura- . 
10 tiori laser pulses. The entrance surface of the nonlinear 
crystal 502 is coated for maximunnj transmission, of the 
fundamental wavelerigths and the exit surface is coated 
for rhaximum transmission of the second harmonic 
waivelengths. 

[0160] . The opticar arrangement of the present em- 
bodiment of the wavelength converter offers several ad- 
ditional advantages: the scan angle of the incident 
laserbeam Bl can be magriified or reduced by choosing 
the proper fobal length for the lens B. If f(B) is smaller 
than f(A), the beam scan angle in FIGURE 5A will be 
magnified by a factor f(A)/fi(B). Oh the other hand, if f(B) 
is larger than f(A), the beam scari angle. 62 will be re- 
duced by a factor of ff(A)/f(B)w 

[0161] It is irhportant to npte that the laser beam, 
which subtends an angle from the central position 
500, becomes parallel to the central position 500 after 
passing through lens A. Therefore, lens A provides two 
Improvements in the harmonic conversion process: the 
laser photon density at the non-linear crystal 502 Is inr 
creased due to the smaller beam area, and the laser 
beam orientatiori incident at the non-linear crystal 502 
is maintained at all ^can angles, thereby maintaining the 
phase: matching conditions of the beam while it is being 
scanned. 

[01 62] Another advantage of the embodiment shown 
in FIGURE 5A results from the change of Ibcatioh of the 
incident laseii; beam Bl through the nonlinear crystal 502 
as the beam is scanned. Within the nonlinear crystal 
502, a small amount of the laser beam is absorbed, re- 
suiting in a thermal gradient across the beam cross-sec- 
tion. This teniperature variation at different portion of the 
incident beam Bl degrades the phase matching condi- 
tions, and places a limit on the conversion efficiency of 
the harmonic generation process. By rnoving the beam 
over an area during scanning, the thermal energy is ef- 
fectively distributed over that area, and the average 
power loading in the crystal 502 is effectively reduced. . 
If the area is sufficiently largq, the laser pulses becornes 
norM}veriapping. Reduction of pulse overiapping also 
results in an irhproved crystal damage threshold. For a 
laser beam with a high repetition pulse rate^ if the laser 
beam is stationary, as in the prior art, there is a time 
delay requirerifient, so that the effect of a laser pulse 
through a nonlinear crystal is allowed to dissipate before 
the next laser pulse arrives. This requirement places an 
upper limit on the repetition rate at about 1 0,000 pulses 
per second. The present invention overcomes the 
above prior art limrtatioris, and proyides. an irnproved 
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method of laser wavelength conversion to attain a high- 
er conversion efficiency and a higher crystal damage 
threshold by scanning the laser beam acrdss the non- 
linear crystal 502. With the present invention, the repe- 
tition rate of the surgical beam can be extended to oyer 
50,000 pulses per second. 

[01 63] A second example of a wavelength converter 
Is shown In FIGURE 5B, In this embodiment, lens A and 
the nonlinear crystal 502 are similarly located as spec- 
ified for FIGURE 5A, except that the crystal 502 is po- 
sitioned slightly closer to lens A. A high reflective mirror 
504 is located at a distance f(A) from lens A. The reflec- 
tive mirror 504 has the characteristics of being highly 
reflective at the fundamental and the second harmonic 
wavelengths of the incident laser beam B1. A partialiy- 
transmissive beam-directing mirror 506 Is included in 
the beam path, and is set at about 45'* from the laser 
beam central position 500. The beam-directing mirror 
506 is coated with dielectric thin films for high transmis- 
sion of the fundamental wavelength, and high reflection 
of the second harrrioriic wavelength at hear 45**. Ah In- 
cident laser beam B1 at an angle with the central 
position 500 passes through the beam-directing mirror 
506, and Is focussed by lens A on the nonlinear crystal 
502. The beam is then reflected at the reflective mirror 
504, passes through the crystal 502 a second time, and 
re-traces its beam path through the lens A. The second 
harmonic portion of the beam is then reflected by the 
45** beam-directing mirror 506. The exit beam is now at 
an angle e-i from a rotated central position 501 , which 
is at two times the exact angle of the beam-directing mlr* 
ror 506, and thus is about 90** with respect toihe central 
position 500. 

[0164] The advantage of the structure and method 
shown in FIGURE 5B is that the non-linear crystal 602 
is used twice by the fundamental bearin. This method 
ban almost double the conversion for the case of Ibw 
conversion efficiency, in the case where the fundamen- 
tal bearh Intensity is not significantly depleted in its first 
passage (e.g., when the wavelength conversion effi- 
ciency is less than about 30-40%). 
[0165] In the present embodiment, the residual laser 
photons of the initial laser beam 81 will not be used and 
may be filterisd out by a dielectric coated mirror which 
has bandpass characteristics of high transmission at the 
second harmonic wavelengths of about 395-430 nm and 
blocking at the fundamental wavelengths of about 
790-860 nm. Altematively, the fundamental and the sec- 
ond harmonic waves can be separated ^atially using 
dispersive optical elements, such as a high optical Index 
prism or an optical grating. The filtering optics (not 
shown) cari be placed in the beam path after the beam 
emerges ft-om the first wavelength converter 108. 
[0166] As noted above, after emerging from the first 
wavelength converter 108 (see FIGURE 1), the second 
laser beam B2 .has a wavelength in the range of about 
395-430 nm. To attain the preferred operating laser 
wavelengths of 198-215 rim, the laser beam is directed 



into a second wavelength converter 110. 
[0167] The optical arrangement of the second wave- 
length converter 1 1 0 is alrnost Identical to that of the first 
wavelength converter 108, which is illustrated in FIG-. 
5 URES 6A and SB. The main difference between the two 
converters 108, 110 is in the optica! crystal 502. For 
wavelength conversion from about 39S430 nm to about 
198-215 nm, the preferred nonlinear optical crystal is 
again beta-Ba2B04 (beta barium borate). The operating 
10 conditions are different in that the phiase matching an- 
gles are at or close to 90** for type I phase matching. 
The optical faces of the crysta'l 502 are to be coated for 
maximum transmission at the fi-ont surface for the fun- 
damental wave where the laser beam enters the crystal 
IS 502, arid for maximum transmission at the second har- 
monic wave on the exit face. The optical characteristics 
of beta-Ba2B04 crystals impose a lower limit of the con- 
verted wave at about 200 nm for appreciable conversion 
efficiency. 

20 [0168] The third laser beam 83 emerging from the 
second wavelength converter 110 has -a residual wave- 
length of about 390-430 nm. A v^ve filter means con- 
sisting of dispersive prism or optical gratings can be 
used to spatially separate the 200 nm wavelengths from 
25 the 400 nm wavelength contents. The wave filter (not 
shown) can be placed anywhere in the laser beam patti 
after the second wavelength converter. 
[0169] The two-^tep wavelength conversion process 
described above can also be consolidated such that the 
30 fundamental wavelength can be converted into Its fourth 
harmonic with a single optical an-angement. As illustrat- 
ed in FIGURES 5A and 5B, first and second nonlinear 
optical crystals 502, 503 (shown in dotted outline) are 
placed in close proximity and are at the beam waist of 
35 the mildly focussed Incident laser beam. The first crystal 
502 Is cut and oriented for phase match conditions to 
generate the second harmonic wave. The first crystal 

502 is used to convert the fundamental wave into its sec- 
ond harmonic wave, and has a function as described 

"fo above for the single-crystal embodiment of the first 
wavelerigth converter 108. For this purpose, in the con- 
figuration shown in FIGURE 5A, the first crystal 502 is 
placed in front of the second crystal 503, facing the in- 
cident laser beam B1 emerging from tfie scanner ampli- 
fier. The portion of the laser beam B1 converted into 
seqohd harmonic wavelength of about 390-430 nm after 
passing through the first crystal 502 is then incident up- 
on the second nonlinear crystal 503. the Second crystal 

503 is cut and oriented for phase matching as described 
so above for the second Wavelength converter 110, result- 
ing if) another step of second harmonic conversion, now 

using the 390-430 nm beam from the first crystal 502 as 
the fundamental wave. 

[0170] In the configuration shown in FI GURE 5B, the 
55 second crystal 603 is placed in fi-ont of tiie first crystal 
502. However, in FIGURE 5B, tfie incident laser beam 
B1 passes through ttie second crystal 503 with practi- 
cally no conversion, since the crystal is oriented for 
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phase matching for the 390-430 nm laser pulses emerg- 
ing from the first crystal 502 after the pulses reflect off. 
of the reflective mirror 504. Thus, the portion of the laiser 
beam B1 converted into, the second harmonic wave- 
length of about 390-430 nm after passing through the 
first crystal 502 is reflected and then incident upon the 
second nonlinear crystal 503.The second crystal 503 is 
cut and oriented for phase matching as described above 
for the second wavelength converter 110, resulting in 
another step of second harmonic conversion, how using 
the 390-430 rim beam from the first crystal 502 as the 
fiindamental wave. 

[0171] Other modifications are necessary for optimal 
operation of such a one-step wave converter. For the 
optical arrangement shown in FIGURE 5 A, lens B is 
property coated for maximum transmission (anti-reflec- 
tion) at the 200 nm range. The material, for the lens is 
preferably UV quartz for good optical transmission^ In 
FIGURE 58. the modification is that the coating charac- 
teristics of the dielectric mirror 506 be highly reflective 
at about 198-215 nm at a 45* incident angle. These im- 
provements for optical transmission for lens B in FIG- 
URE 5A also apply to lens A in FIGURE 5B. 
[0172]. In the foregoing discussion, a laser furidarneri- 
tal wavelength range of about 790-860 nm is illustrated 
for a Ti-doped AI2O3 laser. However, a TlrAI^Og laser 
has an operating range of about.680 nm to about 1200 
nm. Therefore, the wavelength conversion apparatus 
and method described above can.be applied to generate 
a slightly extended output wavelength range of about 
396-600 nm after the first conversion, arid about 
198-300 nm after the second conversion, without loss 
of generality (the lower limits are about 396 nm and 198 
nm, respectively, rather than about 340 nm and 170 nrh, 
because of limitations of the nonlinear conversion crys- 
tal 502). 

[0173] In an altemative embodiment, the wavelength 
conversion apparatus and method may include sum fre- 
quency generatioa with two difTererit laser wavelengths. 
In this case, the first wavelength converter 108 Is struc- 
turally as described above. If the fundamental wave- 
length is selected to be about 790-900 nm, those wavo:^ 
lengths can be used to mix with the second harmonic 
wave of about 395-450 nm. However, the nonlinear op- 
tical crystal 502 in thesecond wavelength converter 1 1 0 
has to be ojt and oriented fbr phase matching conditions 
for the fundamental and the second harmonic waves in 
order to generate a laser wavelefngth of about. 263-300 
rim. if the ifundamehtal laser wavelength from the laser 
unit 100 is in the range of about 790-900 nrh, the laser 
wavelength at the output of the first wavelength convert- 
er 108 is modified by the wave niixirig action of the sec- 
ond wavelength converter 110 to about 263^00 nm. 

Operation of the Inventive Apparatus 

[0174] In order to improve the ease, of use of the 
present invention, and to ensure proper alignment of tlie 



surgical laser beam S with respect to a target cornea, 
the present invention' includes a guide beam unit 132 
(see FIGURE 1). The guide beam. unit 132 Is illustrated 
in greater detail iri FIGURE 8. 

[01 7^ The guide beam unit 1 32 includes a low-power 
laser 800 with an output of preferaWy less than 1 milli- 
watt at initial output and preferably attenuated to the mi- 
crowatt level fbr safe usage for dirisct viewing. The laser 
800 in the guide beam unit 132 may be, for example, a 
HeNe laser or a semiconductor diode laser, the laser 
800 generates a guide t>eam 8Qi which is conditioned 
optically so that it can be used, as a indicator of the lo- 
cation of the surgical laser beam S. Additionally, the 
guide beam 801 can be used as an element for the align- 
ment of the eye in preparation for surgical projcedures. 
[0176] . After emerging from.the laser 800, the guide 
beam 801 the diariieter of the. guide beam 801 is ex- 
panded through a telescopic beam magnifier consisting 
of divergent lens 802 and a convergent lens 804 to about 
1 0 mm. The collimated beam is then compressed by a 
weakly focussing lens 906, with a focal length of oyer 
500 mm, at a distance of approximately the location of 
the patienfs cornea. An axicori first and second prism 
pair 808, 810 are aligned with the expanded beam such 
that a divergent ring image with uniform intensity is pro- 
duced after the first prism 808. The second prism 810 
intercept the divergent,ring and diffracts it to form a ring 
image 812 without divergerice. The diameter of the ring 
image is controjled by the separation between the prisni 
pair 808, 810: the farther they are separated, the larger 
is the ring. The position of the second prism 810 can be 
adjusted by a manual or motorized drive. The guide 
beam 801 emerges from the guide beam unit 132 and 
is denoted as beam G in FIGURE 1. 
[0177] The ring-shaped guide beam G frorh the guide 
beam liaser unit 132 is aimed at a partially triansrriissive 
mirror 134 arranged so that the reflected guide beam G 
is coaxial wjth the un-deflected surgical laser beam S. 
In operation, a surgeon Would move the patient's head 
and target eye until the guide beam G is roughly cen- 
tered over the patient's comeia. The surgeon will then 
adjust the diameter of the ring image projected on to the 
patienfs pupil, such that the ring diameter is only slightly 
less than tiie patient's pupil size. At that point, the patient 
will see the guide beam G, but not necessarily at a cen- 
tered position. 

[0178] . The patient is preferaljly situated in a relaxed 
position (e.g., supine), but with his or her head fixed 
within a cradle or fixture. Either the cradle or the entire 
operating table or chair is configured to be adjustable in 
fine increments about an X-Y plane perpendicular to the 
surgical laser beqm S. The patient would then make fine 
adjustrrients of his or her own eye position v>rith respect . 
to the guide beam^^ G by moving an actuator-control 
mechanism (e.g., a joy stick) for the cradle or operating 
table or chair; until the patient determineis that the guide 
beam G appears to be at its brightest. At the completion, 
of the patient's adjustment, the patienfs eye is aligned 
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with the patienf s visual axis, coinciding with the guide 
beam G. 

[0 1 79] An advantage of the ring-shaped guide beam 
G of the present invention over a solid beam is that the 
light fail-off, or decrease in brightness, is greater for the 5 
ring-shaped beam than for the, solid beam when either 
beam is not aligned with the patient's visual axis. Thus, 
the ring-shaped beam provides greater visual cues to 
the patient when the beam Is off-axis. 
'■ [0180] After the eye of the patient has been aligned io 
using the guide beam G. the surgeon may place a suc- 
tion ring 400 over the patient's eye to immobilize It. The 
eye tracking system 130 is then activated to compen- 
sate for any subsequent motion of the eye. With the eye 
immobilized, the surgeon may then commence ablative 15 
surgery using the inventive laser system. 
[0181] To determine the location of each area to ab- 
late, and the depth of ablation required, an automatic 
feed-back control system may be used with the inven- 
tive system. Such a control system preferably includes 20 
a corneal profiler 136 which provides information to the 
computer control unit 114 sufficient to determine the 
necessary intensity and XY-scanning^ coordinates for 
the surgical laser beam S, and to otherwise control the 
delivery of pulses of laser energy to the comea, in order 25 
to adhieve a desired corneal surface profile. A suitable 
comeal profiler 136 is any device that measures the 
shape or an optical property of the eye so as to provide 
such information. 

[0182] As an altemative to a single profile measure- 30 
rhent and ablation of the cornea based on indicated pa- 
rameters, a desired comeal surface profile may be Ob- 
tained through ablation by a successive approximation 
technique. In this technique, a measuring device is used 
to determine the change desired to be made in the pro- 35 
file of the corneal surface. Pulses of laser energy are 
delivered to the surface so as to bring about slightly less 
than the desired degree of alteration. The measuring de- 
vice is then used again to detemilne the correction now 
needed to reach the desired profile. Further pulses of 40 
laser energy are provided accordingly to produce slight- 
ly less than the total calculated correction. This process 
is repeated until the ablated surface acquires the de- 
sired profile to a suitable degree of accuracy. 
[0183] Measurement devices suitable for the comeal 45 
profiler 136 are keratometers, which are known and 
commerclaliy available. Examples of such devices are 
the "Photokeratoscope" manufacture by the Sun Con- 
tact Lens Company of Kyoto, Japan, and the "Cornea- 
scope" manufactured t>y International Diagnostic Instru- so 
ments, Ltd., Broken Anow, Oklahoma, USA. (See also 
S.p. Klyce, "Corhputer Assisted Corneal topography". 
Invest. Ophthalmol. Vis. Sci. 25:1426-1435, 1984 for a , 
comparison of these instrurnents and a method of using 
the "Photokeratoscope"). These devices wbric by imag- ss 
ing patterns, usually concentric rings, on the comeal 
surface. Preferably, the keratometer used as the comeal 
profiler 1 36 In the present method is rhodified slightly to 



iricrease the number of lines imaged on the central por- 
tion of the comea, thus increasing the measurement 
resolution of the curvature of the central portion. 
[0184] In the preferred embodimient. the comeal pro- 
filer 136 receives a reflected image of a target comea 
by means of a min-or 138, which is movable between an 
out-of-line position A and an in-line position B. When the 
mirror 138 is in position B, an initial profile of the comea 
can be determined by the corneal profiler 136. The out- 
put of the comeal profiler 1 36 is coupled to the computer 
control unit 114, and displayed to a surgeon. I n response 
to any resulting input from the surgeon, such as the de- 
sired final shape of the comeal surface, the computer 
control unit 114 determines the necessary settings and 
parameters, including pulse intensity, beam diameter, 
and target locations on the comea, for the Inventive la- 
ser system to create the desired ablation profile. The 
mirror 138 is then moved to position A, and the surgery 
commenced. 

[01 85] If the successive approximation technique de- 
scribed above is used, the mirror 138 is periodically 
moved back into positiori B. the comeat profile is re- 
rrieasured, the coniputer control unit 114 resets the laser 
system, the min-or 138 is retracted to position A, and the 
surgery re-commenced. 

[01 86] In determining the necessary settings and pa- 
rameters, including pulse intensity, beam diameter, and 
target locations on the cornea, for the inventive Faser 
system to create the desired ablation profile, the com- 
puter control unit 114 essentially prepares a three-di- 
mensional contour map of the difference between (1) 
the comea profile as measured and (2) the desired final 
shape of the comea. Each point in this contour map may 
be described in terms of rectangular or polar coordi- 
nates, in known fashion. Starting with a selected pulse 
etch profile (i.e., a iselected beam intensity and intensity 
profile), the etch depth of each pulse will be known (such 
information can be determined in advance by calibrating 
sets of profiles on comeal tissue). With a preselected 
etch depth, the contour map can bie divided into a plu- 
rality of etch levels (for example, of the type shown in 
FIGURE 7B). Then, using a selected initial laser pulse 
diameter, each level of the contour map may be char- 
acterized in terms of the X-Y coordinates of a first level 
pattern of etch profiles of that diameter. 
[0187] For example, if the area to be ablated has a 
maximunri diameter of 8 mm, and the laser pulse diam- 
eter is about 0.1 mm, then a grid of 80 x 80 pulses will 
cover the entire maximum diameter. Aritiitrarily selecting 
a single origin for such a grid means that each point on 
a level of the contour map can be defined in terms of X- 
Y coordinates. As the levels become smaller in size, the 
laser pulse diameter may be reduced accordingly, but 
the principal of mapping each level of the contour map 
to a grid of X-Y coordinates remains the same 
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Structure of the Scanner-Amplifier Laser Unit 

[01 88] This part of the disclosure is directed to a laser 
amplifier system utilizing a pair of scanning mirrors driv- 
en in tandem by piezo actuators: A control system Is pro- 
vided to direct a low-power, laser beam while the beam 
is trapped and circulates between- the pair of scanning 
rhirrors. Each bounce of the laser beam between the 
mirrors discrietely increases the power of the beam arid 
changes th.e angle of exit of the beam from the amplifier, 
providing for precise angular beam exit control iri two 
dimensions. 

[01 89] In the preferred embodirhent, a laser scanner- 
amplifier system 8 with Tl-doped sapphire A1203 is used 
as the laser rhedium. However, the laser medium can 
be other tunable solid state laser materials, such as al- 
exandiite, emerald, Cr:LiCaF,- CnLiSrF, Cnforsterite, 
color center lasers, or rare earth ion laser media, such 
as Nd, Pr, Er. Tm, Ho, or other transition metal ions such 
as Co, Ni in various solid state crystal hosts, iricluding 
oxides or fluorides; 

[0190] A laser pulse train fi^om a mode-locked Ti- 
doped AI203 laser 10 in FIGURE 11 is to be used as a 
seeder toihe amplifier scanner system. The laser pulse 
frequency of the mode-rlocked laser, as Is well known in 
the art, can be controlled by the round trip time of the 
laser pulse inside the mode-locked laser, and is at twice 
the driver frequency pf the electrical signal applied to 
the mode-locked crystal. The frequency is chosen such 
that time period between adjacent pulses bears a pre- 
ferred relationship with the arrangements of the optical 
elements inside the scanner-anriplifier system. In the 
case of Ti-doped AI2O3, a continuous wave laser 12 
such as, but not Itrrilted to, an argon g^s laser operating 
at 514.5 nm or a frequency-doubled YAG or YLF laser 
at 532 nm and 527 nrti respectively, can be used as the 
pump source, the pump laser beam 13 Is focused Into 
the mode-locked laser medium with a convergent lens 
14. The arrangement of a laser-pumped mode-locked 
laser is well known in the art and a commercial model 
is available from Spectra-Physics, Mountain View, Cal- 
Ifomla. 

[0191] The mode-locked laser beam 15 passes 
through a set of beam conditioning optics 16, 18. In FIG- 
URE 11, the t>eam cross-section is exparided by a neg- 
ative (concave) lens 16 and a positive (convex) lens 18 
with their focuses coiridding to fomi an expansion tele- 
scope. The expansion ratio can vary from 2 to 10 by 
choosing the appropriate focal lengths of the optical el- 
enients 16 and .18^ and is deterrhined by the mode- 
matching requirement between the seed beam 15 and 
the spiatial mode of the amplifier cavity. By centering the 
lenses along the laser beam, minimurn beam distortion 
and good beam collirnation cain be aphieved as the seed 
t>eam 15 exits the optical element 181 
[0192] The seed beam is directed by high reflective 
mirrors 20 and 22 into the amplifier cavity. The beam 
first enters the cavity through a dielectric coated mirror 



24 which has the optical characteristics that a pi-polar- 
ized laser beam with the electric field vector horizontal 
to the plane of incidience has over 96% transmission; 
and a pi-polarized laser beam with the electric field vec- 
tor vertical to. the plane , of incidence has over 99% re- 
flectabllity. Such thih-film polarizer elements are sup- 
plied by. Burieigh NortiiWest, Fishers, New York. Tlie 
scanner-amplifier cayity 8 is confined between.the scan- 
ner mirrors 26 and 28, both of which are highly reflective, 
mirrors: The scanner mirrors 26, 28 are. each mounted 
on a gimbal mount 29 with 90° tilts in both the horizontal 
arid the vertical (X-Y) directions. The design of the gim- 
bal mount can be illustrated as a mirror rnount rnodel 
number MM-1 manufactured and supplied by the New- 
port Corporation, Fountain Valley, California, with ap- 
propriate modifications to shorten the piyot point dis- 
tance and increase the spring force. The X-Y tilts are 
achieved by piezoelectric actuators 31 with a material 
such as PZT which can have a linear travel of 40 rnicrons 
of full scan range at about 1000 Hz, and at higher fre- 
quericies with ^mailer travel range. Such plezo actua- 
tors are supplied by a number of suppliers, including 
Burleigh Instrurnerits, Fishers, New York. The scan mir- 
rors. 26 and 28 are driven In the same direction at the 
same angular degree either independently or in tandem 
in both the X arid Y directions. . 
[01 93] The operating characteristics of the piezo ac- 
tuators rhay have small variations. The overall scan an- 
gles of the. laser bearn as emerged from the scanner- 
amplifier Is to be calibrated dgalnst the voltage applied 
to the piezo actuators 31, taking into the account the 
small amount of hysteresis from the piezoelectric effect. 
[01 94] A pair of concave lenses 30 and.32 are includ- 
ed inside the scanner-arnplrfier cavity. The focal lengths 
of the lenses 30 and 32 are such that the focal length of 
jens 30 is chosen to be as large as possit^ie, yet the size 
of scanner-amplifier Is to be practical and convenient for 
use,, and the focal length of lens 32 will be as short as 
possible, yet not so short as to cause optical break-down 
at its focal point The relative locations of the lenses 30, 
32 and end mirrors 26 and 28 are such that the mirrors 
26 and 28 are to be at the focal point of the lenses 30 
and 32, respectively, and the separation between the 
lenses is to be the sum of their focal lengths. Another 
dielectric-coated mirror 34, which has similar charecter- 
istics as mirror 24, is used as a tuming mirror and also 
as an exit mirror where the laser beam .15, intensity am- 
plified and scan-angle amplified, emerges from the 
scanner-arnpiifier unit 8. 

[0195] Other control elements inside the cavity in- 
clude a Pockels cell 36 which consists of LiNb03 or oth- 
er electro-optical crystal such as KDP. Pockels cells are 
comrnercially available from several sources, one such 
source is Medox Electro-optics, of Ann Arbor. Michigan. 
VVith the application of efectric voltage across the elec- 
tro-optical crystal, a half-wave retardation in the electric 
fiel.d vector of the laser beam can be generated, which 
tums the linear polarization of a laser beam traversing 
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the crystal, from a horizontal polarization to vertical, and 
. vice versa. A half-wave retardation plate 38, placed next 
to the Pockels cell 36, Is for adjusting file polarization of 
the beam before it reaches the mirror 34, so that the 
beam will eittier stay inside the cavity or exit the cavity 
at mirror 34. 

[0196] A thin etalon 40 with partial reflective coating 
on both faces at the iaiser wavelength is for conti^blling 
ttie gain bandwidth of the seed beam 13. By choosing 
the appropriate finesse of the etalon, the wavelength 
width of the laser beam is reduced accordingly, com- 
pared to the seed beam bandwidth. The pulse duration 
is lengthened due to the reduced spectral conterit in the 
laser pulse. 

[0197] Another mettiod of expanding the pulse dura- 
tion can be achieved by stretching the pulse spatially 
with an optical grating, before the pulse is injected Into 
the beam path at location 21 shown in drawing FIGURE 
11. For shorter pulses, a commercial pulse compressor 
unit, consisting basically of a single-mode fiber and grat- 
ing pair, can be placed at location 21 instead of just the 
optical grating. Such a unit is manufaictured by Spectra- 
Physics Lasers, Mountain View, California. 
[0198] Hence, the output laser pulse, can be varied 
from a minimum which is that of the seed pulse, which 
is about 1 picosecond in the case of TlrAlgOg as the laser 
medium in the mode-locked laser, to as much as several 
hundred picoseconds. 

[0199] Refen-ing now to FIGURE 11A, in a second 
embodiment, a laser gain medium 42 is located near the 
scanner mirror 26. Acavity aperture 44 which has a fixed 
or adjustable iris with two translational degrees of free- 
dom for proper centering with the fundamental laser 
rnode is located inside the cavity. The laser media is op- 
tically pumped by a laser source 48 which will be de- 
scribed hereinafter In more detail. The second embodi- 
ment provides enhancement of the laser beam intensity 
inside the scanner cavity, such that the beam intensity 
increases by extracting energy stored in the gain medi- 
Um42. 



Operation of the Preferred Scanner-Amplifier Laser 
Unit 

[0200] For the purposes of illustration, an angle is be- 
ing scanned in the horizontal plane (the X-plane). A scan 
voltage is applied to both piezo actuators 31 for posi- 
tiorting the gimbal min;or mounts for scan minprs 26 and 
28 in the same direction to the same degree; as an ex- 
ample, both pushing the mirrors forward as shown in 
FIGURE 11. A half-wave voltage electrical wave form 
signal is applied to the Pockels cell, as illustrated in FIG- 
URE 12B. The time sequence from 2(1) to 2{vi) marks 
the time development of the optical retardation of the 

Pockels cell 36. A voltage is to start at time 2(ii), and the 
optical retardation reaches half-wave at tirne 2(iii). The 
voltage is turned off at time 2(iv), and ?ero retardation 
is reached at time 2(v). The time duration between 2(ii) 



and 2(iii) is refen-ied to as the rise time of the Pockels 
cell for a half-wave retardation. The duration between 2 
(iv) and 2(v) is the fall time for the same. 
[0201] Since the seed laser pulse is in tiie picosecond 
5 range, the spatial extent of the laser energy is localized 
in ttie range of millimeters: The cavity distance between 
scan mirrors 26 and 28 is, for practical purpose, in the 
range of tens of ceritimeters to tens of meters. There- 
fore, for all practical purpose, the laser pulse can be con- 
10 sidered localized and is represented by markers 2(i) to 
2(vi) as It travels througK the^scanner-amplffter cavity. 
The seed laser beam, at time 2(i) travels towards the 
scanner-amplifier cavity, and enters through the thin film 
polarizer min-or 24. As lllustiBted in FIGURE 12A, ttie 
IS beam 1 5 has a linear polarization with the electric field 
vector in the horizontal direction, as indicated by the ar- 
row. The beam passes through the lens 30^ and is fo- 
cussed gt a point before lens 32 which collimates the 
beam due to the confbcal arrangement of the lenses 30 
20 and 32. The Pockels cell (PC) voltage is at the zero level, 
and the polarization of tiie seed beam is not changed. 
The Pockels cell voltage tiien turns on at time2(ii), right 
after the las^r pulse exits the PC crystal. The polariza- 
tion changes by dO'' after passing through tfie half-wave 
25 plate 38, and is now vertical, as indicated by a small 
circle on tiie beam path. The beam is then reflected by 
the thin film polarizer min*or 34 directing the beam to- 
wards the scan mirror 28 . 

[0202] In FIGURE 13, the beam path and the angle of 
30 incidence at mirrors 26 and 28 are illuisti-ated. Assume 
that a voltage is applied to the piezo actuator 31, 
which Induces ia^ scan angle of B-i froin its zero degree 
incidence, at which the mirror is at the normal Incidence 
with the incoming seed beam. The reflected beam is at 
35 an angle, 2 times 0^ from the incoming beam. Refem'ng 
again to drawing FIGURE 12A. the beam Is reflected at 
mirror 28. The vertical polarization of the beam changes 
by 90" after passing through the half-wave plate 38. The 
PC voltage reaches half-wave retardation at 2(iii) (see 
^0 FIGURE 12B) before the laser pulse reaches the PC. 
On passing the PC, the polarization is rotated 90^ and 
is now vertical. The lens 30 re-collimates the laser beam 
1 5 and the thin film polarizer 24 is now at high reflection 
with respect to the vertically polarized beam. The beam 
45 15 then travels towards the laser gain medium 42 and 
the cavity aperture 44. 

[0203] Assuming that a voltage is applied to the 
actuator 31 in the mirror gimbal mount 29 for the scan 
mirror 26, an angle rotation of from the normal inci- 

50 denpe results in the X-plane, where the normal inci- 
dence is defined as the scan min*or angular position for 
both min-qrs 26 and 28 at which the seed laser beam 2 
(i) will retrace its beam path after reflection from both 
thesemin-ors. Thereflected beam is, therefore, at a larg- 

55 er angle ttian the Inddent angle before impinging on the 
mirror 26, by an angle 2 time So. as shown In FIGURE 
"13. 

[0204] For ease of explanation, the following discus^ 
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. sion is directed to ejecting the laser beam after only one 
reflection from each of the. mirrors 26 and 28; however 
it should be understood that rt is contertiplated that a 
plurality of reflections occur from each mirror vsnthin the 
device prior to the beam exiting therefrom. By so choos- 
ing, the PC voltage tiim-off starts after the beam emerg- 
es from the PC at time 2(iv), and the retardation Is zero 
at 2(v) before the beam reaches the PC on its return trip 
from the scan mirror 26. The vertical polarization re- 
mains vertical after passing the PC, and is rotated to 
horizontal after the half-wave plate 38. The thin film po- 

. iarized mirror is hoy/ ti'ansmissive for the laser beam^ 
arid the laser beam emerges from the ampllfler-scanner 
of the invention with a scan angle resulting from the sum 
of the effects of the scan angles and ©2 fro^ scan 
mirrors 28 and 26 respectively. 

[0205] It should be understood that Invention makes 
use of the scan rhirrors 26 and 28 repeatedly for one or 
more round trips of the beam inside the cavity to amplify 
and precisely direct the beam angle before exiting mirror 
34, ■ • . 

[0206] In bur preferred embodiment, the PC voltage 
tum-off, at times 2(iv)-2(v), is to be applied at the last 
leg after one or more round trips between the two scan 
mirrors 26 and 28.. In the case where the voltage turn- 
off is posjiponed, as in the Illustration in FIGURE 12A, 
the polarization of the reflected beam from mirror 26 is 
rotated to horizontal after the PC, which Is still at its half- 
wave voltage, and back to be vertical again after, the 
half-wave plate 38. Therefore, the mirror 34 is highly re- 
flective. The bejam is trapped inside the cavity, arid the 
beam angle increases with each reflection with either of 
the scan mirrors. 

[0207] Further, in addition to changing the beam an- 
gle, the optical arrangement enhances the overall scan 
angle of the beam with a power multiplying enhance- 
ment factor. 

[0208] If the focal length of the lens 30 is longer than 
that of lens 32, by a factor M, then: 

where f^3o), f^^2) the focal lengths of the lenses. 30 
and 32, respectively. The angle of incidence, on mirror 
28 is , and the angle of incidence on mirror 26 is: S^i 
M + Og. 

[0209] . Notice the angle reduction of due to the dif- 
ference in the focal length of the lenses.; . . 
[021 0] On passing through the lensesf system from 30 
to 32, the reverse, i.e., a magnification of the effective 
angle, occurs. The incident angle on mirror 28 is now: 
(G^/M + 02) X M + e^, 

[0211] In the illustration in FIGURE I^A, in which the 
!aser beam is to exit the cavity after one refleption from 
'mirrors 26 and 28, the output t>eam would have a scan 
angle of: 2 x {G-, + M X 0^). 

[021 2] . Notice that the scan angle due to mirror 26, G2,. 



is magnified by a factor M: 

[0213] If a total.of N reflections are allowed to occur 
for each of the two scan mirrors, the final scan angle of. 
the exit beam is; 2N x (G^ +^ x G2). . k 
[0214] Since each reflection or transmission on an op=- 
tical surface causes a certain amount of intensity loss 
and optical distortion in the laser beam, ideally the in- 
tended scan angle will. be. achieved with the snriallest 
nurnt>er of optical surface contacts. If the scan mirrors 
have identical gimbal mounts 29 and piezo actuators 31 , 
the min-ors can be scanned in tgndem. and G-, and G2 
• will be substantially equal. The optical loss due to scat- 
tering from. all the optical elements inside the cavity is. 
reduced by the factor: (M+1)/2 

[021 5] For M = 3, and tO round trips inside the cavity, 
the scan angle is amplified by 20 times nriore than the 
amplification of therscan anglefs from two like but uncou- 
pled piezo mirrors. 

[021 6] It Is also clear that all the foregoing discussion 
about scanning in the horizontal direction is also appli- 
cable to the vertical diriectibn (a Y-scan), by applying the 
scan voltage to the piezo actuator which controls the 
vertical tilt of the scan mirror. By applying the appropri- 
ate voltages to the actuators confrolling the horizorital 
and the vertical scan directions, this laser beam can be 
directed to any predetermined location in the two dimen- 
sional angular space. 

[021 7] The pump source 48 of the Ti vM^Oa in the am- 
plifier cavity in FIGURE11 consists of two rtiajor com- 
ponents, namely, a Nd-doped YAG or YLF laser which 
is continuously pumped by arc lamps such as Kr or Ar 
gas lamp, which is supplied by ILC Technolpgyv Sunny- 
. vale, California, or by semiconductor diode arrays with 
the emission laser wavelength to match the absorption 
band of Nd-doped YAG or YLF. Several hundred to over 
one thousand wafts of continuous wave laser output 
power from Nd:YA6 is aftaihable with multiple lamp- 
pumped laser heads inside a laser cavity. Such lasers 
are supplied by Lasermetric, Oriando, Florida, and a 
number of other industrial YAG laser suppliers. 
[0218] in a prefen-ed embodiment, tiie Ti ion has an 
absorption band centered at about 520 nm, with a ftjil 
width at half maximum of about 100 nm. The second 
harmonic wavelengths of the Nd-doped YAG and YLF 
are centered around 532 nm and 527 nm, respectively, 
and both are suitable as a pump source. 
[0219] In the second harmonic generation (SHQ) 
process, one of linrirting factors in the conversion effi- 
ciency and the power stability is the temperature gradi- 
ent induced by absorption of the las^r at its fundamental 
and second harmonic frequency! Choosing a second 
harmonic crystal with good therrnai conductiyityi and 
cooling the crystal i>y liquid flow or by contact .cooling, 
are .among the common methods to extend the upper 
limit of the input fundamental laser power for the SHG 
crystal. 

[0220] Refening now to drawing FIGURES 14A, 14B 
and 14C, the output laser beam 55 of a high power, 
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acoustic-optical swrtched, NdKioped YAG or YLF laser 
beam source 56 Is directed to a series of partially re- 
flecting beam splitters 57, which are coated with dielec- 
tric so that, ait the 45** incidence, they all have high trans- 
mission for the second harmonic wavelength, and each 6 
succeeding splitter is highly reflective at the fundamen- 
tal wavelength of the laser source 56, so that the laser 
beam power is distributed equally among each branch 
when they are directed towards the SHG crystals 60. 
The crystal 60 fs chosen for high nonlinear coefficient, io 
good acceptance angle, and high tolerance to a temper- 
ature gradient. KTP is among the top choices as a SHG 
crystal for conversion at 1.04 to 1.06 mlqroris. 
[0221] In a preferred embodiment, 20-60 watts of av- 
erage power will be achieved in the beams 1-5 of FIG- is 
URE 14A. To further increase the conversion efficiency, 
a convex lens 58 can be inserted between each splitter 
57 and each SHG crystal 60, such that the crystal fs at 
the focal distance f^gg) from ttie lens, where the beam 
cross-section is the smallest and the laser power density 20 
is the highest; The focal length of the lens is chosen to 
optimize for the acceptance angle of the SHG crystal. A 
spherical concave minrbr 62 tiiat Is highly reflective at 
both the fundamental and the second harmonic wave- 
length is placed at the radius of curvature of the mirror 25 
62, R(62)* frP"^ first surface of the crystal, where the 
laser beam enters the crystal. This optical arrangement 
allows for the return beams of both the fundamental and 
the second harmonic to retrace the beam path of their 
first passage in the crystal, and ensure a good beam 30 
overiapping in the crystal even though there may be 
walk-off between the beams after their first pass. 
[0222] To illustrate our embodiment, we combine five 
beams at the second harmonic wavelength with a novel 
spatial , combiner 64. As shown in FIGURE 148, the 35 
combiner 64 is a six^ace optical element which has four 
sides 63a, 63b, 63c and 63d, each of which form a 45° 
angle with the base face 67, and a top face 65 which is 
parallel to its bottom face 67. Thieslde faces are coated 
for high reflectivity at 45'' at the second harrnonic wave- 40 
length, and the top and bottorn faces are coated with an 
anti-reflection coating at the second harmonic wave- 
length. As shown in FIGURE 14C, by using beam steer- 
ing optics, the five beams from FIGURE 14A can be re- 
flected off the side face? of the combiner 64- and one 45 
beam (beam 2) in FIGURE 14G can transmit through 
tiie parallel faces. The beams are adjusted such that 
they re-collirtiated and are parallel with each other. A 
convex lens 66 is centered symmetrically in the beam 
path, and focuses the five beams into a common focal so 
point. This optical element 66 can be a replacement of 
or an equivalent to ttie elerhent 46 of FIGURE 11 . 
[0223] It also follows from the present invention that 
additional beams can be combined with a spatial comr- 
biner with additional facets on the cqmbiher. As an ex- ss 
ample, a hexagon, instead of a square top, can combine 
up to 7 beams. 

[0224] In another embodiment, the facets can be 



formed on more than one layer, such as 4 facets on the 
top tier and 6 facets on the second tier. 
[0225] In all end pumping configurations, the pump 
beam is absorbed by the laser active ions in the crystal 
host. The energy distiibution in tfie laser medium is a 
negative exponential function, with a maximum at tiie: 
entrant face. For efficient cooling, and to minimize the 
distortion of tl;ie laser beam, the laser medium in the In-, 
vention is to be in a cylindrical laser rod form. A conven- 
tional laser rod is mounted with the end faces outside of 
the contact witti the coolant. In FIGURE 15A, the pre- 
ferred embodiment consists of a Ti: A1 203 laser rod with 
a recessed collar 50. A thin wall tube made of undoped 
sapphire 52 is to fit at the end sections of the laser rod. 
The tube piece is glued to the laser rod, and the whole 
has a cylindrical shape as shown in FIGURE 158. This 
cylindrical piece is then mounted to a liquid cooled en- 
velope similar to the ones used in an arc lamp pumped 
laser, A water flow channel around the laser medium 
and the extension is shown In FIGURE 158, in which 
the water Inlets and outlets are shown schematically, O- 
rings 54 are retained in such a manner that the coolant^ 
is sealed from coming into contact with the flat laser sur- 
faces of the laser rods. The tube extension allows the 
whole laser medium to be in contact with the liquid cool- 
ant. Using the same material in the extension tube also 
minimizes stress as a result of a difference in thermal 
expansion coefFicieilt, with temperature variation in the 
whole assembly. 

[0226] In another embodiment, an additional pump 
source can be applied through mirror 24 collinear with 
laser path from pump source 48, such that the Jaser me- 
dia is pumped from both ends. 

[0227] In another embodiment, additional laser media 
is to be included in front of the scan mirror ?8, and a 
pump configuration identical to optical elements 46 and 
48, pumping one end of the laser medium, or pumping 
from both ends of the laser medium, is to be^appl^ed to 
the laser medium near mirror 28. 
[0228] Multi-kiiohertz laser operation is achieved with 
the following method. A synchronized electrical wave 
form is tapped from the mode locker driver 66. Accord- 
ing to the desired repetition rate, the synchronized sig- 
nal can be divided electrically by a timer divider circuit 
68, as shown diagrammatically in FIGURE 16. The re- 
sultant frequency output of the timer-divider determines 
the laser frequency of the scanner-amplifier system. 
The output electrical signal of the divider box is then 
time-delayed through delay generators 70 and 74, com- 
mercially available from Stanford Research Systems, 
Sunnyvale, Califomia. One of the delayed signals 71 is 
fed into a Q-switched driver 72 in the pump laser 48, 
and a second time-delayed signal 75 is fed Into the 
Pockels cell driver 76. 

[0229] The timing of the electrical signals and the la- 
ser events are illustrated in FIGURE 17. Intiie top ti-ace 
7(a) of FIGURE 17, multi-megahertz (30-200 MHz) 
mode locked laser pulses are represented by equally 
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spaced laser spikes at time intervals equal to twice the 
mode'locker driver frequency. After the timer-divider dr- 
curt,- electridal signals at multi-kilohertz (1, 000-50.000 
Hz) is generated at the oytput of the timer-divider box, 
as represented by the trace 7(b). At a time delay , the 
Q^svvitch driver for the pump laser is turned on. in trace 
79(c), generating a short pulse of the second harmonic 
laser pump pulse at a time delay con-esponding to 
th^ build up of the piinrip pulse, a characteristic of the 
pump configuration, and the gain factor at the pump la- 
ser medium.. The second harmonic pump pulse is ab- 
sorbed in the Ti:Al203 laser medium, in trace 7(d). the ■ 
Pockels cell is svvitched on at a tirhe delay T2 relative to 
a synchronized timer-divider signal, which is the pulse 
after the one that triggers the Qrswitch driver. The time 
delay T2 is determined by the actual location of the seed 
laser .pulse from the. mode locked laser, as aforemen- 
tioned along with the discussion ofFliSURE 12A. The 
delay time T^ is to be adjusted so that the peak of the 
population inversion is to occur when the Pockels cell, 
.crystal reaches the half-wave retardation point of 2(iii) 
as shown in FIGURE 12B. 

Applicable Surgical Procedures 

[0230] The laser surgical system of the, present inven- 
tion can perform numerous types of surgical procedures 
on the comea. Among other procedures, two types of 
laser tissue interaction are particularly suited for the in- 
ventive system: 

(1) The inventive systjsm can easily create straight 
line and curved-line incisions, of any predetermined 
length and depth, at any location determined by a 
surgeon. 

As illustrated in FIGURE 9A, multiple radial cuts 
902, equal or partially equal in incision lerigth and 
y((ith an Angular separation, between cuts, can be 
made on the cornea with the preserit surgical sys- 
tem. An incisibni can be made by directing the sur- 
gical laser be^m S to a predetermined location at 
the cornea, and removing the desired amount of tis- 
sue by controlling the laser bearn energy, dosage. 
The present invention provides options for making 
an incision with either a wide incision width by using 
a larger beani spot size on the comea surface, or a 
fine incision by using a more focu'ssed beam spot. 
With the present invention, the deptii of each cut 
can be yaried over the length of the cut. 

In FIGURE SB, a side view of a cross-section 
of the cornea shows a shallower cut depth 904 near 
the central region of the cornea and a deeper cut 
' dppth 905 near the outer edge of the comea. Such 
a procedure provides more uniform stretching of the 
comea from the central to the edge regions, and in- 
creases visual acuity postoperatively. 

The invention can also easily generate tranis- 
verse.ciits fT-cuts"), as shovyn in FIGURE 9C. By 



As illustrated in FIGURE 10A, a local scar or 
infected tissue can be removed with thie present in- 
vention. The defective tissue is removed to a de- 
sired depth d over a predetermined area on the cor- 
nea. A donor comea cap can be cut and ablated 
("sculpted") to the desired dimension and thickness 
using the invention. The cap piece is then trans- 
ferred to the bared stroma bed and attached by su^. 
ture, glue, or other appropriate means, in known 
fashion. 

Again in FIGURE 10A, an altemative method is 
shown for perforrrilng a comea transplant The In- 
vention can be used to ablate the comea most of 
the way or all of the way through from the epithelium 
to the endothelium of the cornea. Then a donor cor- 
nea 1001 is cut to matching dimensions, and at- 
tached to the open ablated area by sutures brother 
known methods. 

For myopia correction, as illustrated in FIGURE 
108, the curvature of the comea can be reduced by 
selectively ablating the comea in such a way that 
more tissue is removed at the center portion C of 
the cornea, with a decreasing amount of tissue be- 
ing removed towards the periphery P of the cornea. 
Prior to the laser procedure, the epithelium option- 
ally may be removed by mechanical means. The 
new desired profile of the eye may include the Bow- 
man's membrane and part of the stromal layer, dor 
pending on the amount of refractive correction re- 
quired: As described eariier, the computer control 
unit 114 provides for the sequence, location, and 
intensi^ of laser pulses to be deposited. The dep- 
osition pattern is preferably in accordance with the 



directing the surgical laser, beam S to make a pair 
of opposing transverse incisions 906 atong an axis 
908 i-elative to the<:enter of the eye, the refractive 
power of eye is decreased along the axis. The exact 

5 length d and the location of the incision can .vary 
according to the amount of desired correction, in 
known fashiori. 

The inventive system.can also be used for pro- 
cedures in comea transplants. A circumcision of the 

fo comea in any predetermined shape (e.£|., circular,, 
elliptical, hexagonal, etc.) c^n be performed on the 
donor eye. and the. recipient's eye. In both cases, 
the computer control unit 114 calculates the beam 
location based on the particular shape required, 

^5 and the ampunt of laser energy heeded to ^ cut 
through the comea. 

In general, incisions in the cornea can be made 
at effective locations for performing radial keratotp- 
mies or making T-cuts, to correct myopia, hyper- 

20 opia, or astigmatism. 

(2) The second i mportant type of laser-tissue inter- 
action provided by the inventive system is area ab- 
lation, which permits direct sculpting of the corneal 
25 surface. 
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patterns discussed above in the section "Method of 
Depositing Laser Pulses". 

For hyperopia con-ection, as Illustrated in FIG- 
URE 1 0C, the objective is-to increase the curvature 
of the eye. Cornea tissuis is to be removed, in in- 5 
creasing thickness from the center portion C out to- 
wards the periphery P of the corneal Depending on 
the amount of correction In the refractive power, the 
etch gradient for. the removed tissue varies. As in- 
dicated in FIGURE IOC, the depth of the remoyed iQ 
tissue again decreases near the periphery of «ie 
eye for a smooth transition. The size of the usable 
central region R varies depending on the amount of 
hyperopic correction. 

The invention is particularty useful for the cor- 
rection of asymmetric refractive errors. Irregular 
distortions may result from poor matching of a cor- 
nea from a transplant, uneven suturing, or from im- 
perfect refractive surgical procedures such as la- 
mellar keratomileusis or epikeratophakia. The in- 
ventive system can direct the surgical laser beam 
S to any desired location to sculpt the cornea ac- 
cording to a predetermined shape. The surgical la- 
ser beam thus can be applied to smooth out an ir- 
regular profile. 25 

Another use of thie invention is to produce 
standard or custom sculpted cornea caps in ad- 
vance of need. The invention can be used on a do- 
nor cornea era synthetic comea substitute to ablate 
a desired profile to con-ect for myopia, hyperopia, 30 
or astigmatism. Such sculpted caps can then be at- 
tached to a properiy prepared cornea, in known 
fashion. 
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Summary 

[0231] A number of embodiments of the present in- 
vention have been described. IMevertheless, it will be un- 
derstood that various modificatioris may be made with- 
out departing from the spirit and scope of the invention 
For example, while the invention has been described in 
terms of rectangular coordinates, equivalent polar coor- 
dinates may be used instead. In addition, other lasing 
media maybe used so long as the resulting wavelength, 
pulse duration, and pulse repetitioh rate is within the cqrl 
responding ranges set forth above. Accordingly, It Is to 
be understood that the invention is not to be limited by 
the specific illustrated embodiment, but on^ by the 
scolDe of the appended claims. 
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Claims 



1. 



In a laser apparatus for comea surgery, wherein the 
laser beam has an undeflected position, an eye 
tracking system for biasing the alignment of the un- 
deflected position of the laser beam with respect to 
the comea, including: 
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a) indicator means, attached to the eye, for pro- 
viding visible indications of the movement of the 
eye; 

b) sensor means for detecting the visible indi- 
cations provided by the indicator means and for 
providing control signals in response to such 
detection; 

c) beam positioning means, coupled to the sen- 
sor means,*for biasing the alignment of the un- 
delfected position of the laser beam with re- 
spect to the comea In response to the control 
sigrials 

The pulsed laser apparatus of claim 1, wherein the 
indicator means includes a vacuum eye ring having 
diistlnct visible linear eye position indicators. 

The pulsed laser apparatus of claim 2, wherein the 
distinct visible linear eye position indicators include: 

a) at least one first line indicating position of the 
eye ring in an X-directlon; 

b) at least one second line, orthogonal to the at 
least first line, indicating position of the eye ring 
In a V-direction. 

The pulsed laser apparatus of claim 2, wherein the 
distinct visible linear eye position indicators further 
Include at least one radial line indicating rotation of 
the eye ring. 

The pulsed laser apparatus of claim 3, wherein the 
sensor means includes: 

a) a first linear an-ay sensor orthogonal to an 
image of eaich first line; 

b) a second linear array sensor orthogonal to 
an image of each second line. 

The pulsed laser apparatus of clairn 3, wherein the 
sensor means includes: 

a) a first linear an-ay sensor orthogonal to an 
image of each first line; 

b) a second linear array sensor orthogonal to 
an image of each second line; 

c) a third linear array sensor orthogonal to an 
image of each radial line. 

The pulsed laser apparatus of claim 1 , wherein the 
beam positioning rneans includes at least two or- 
thogonal reflective surfaces positioned by cfontrol- 
lable actuators: 

The pulsed laser apparatus of claim 1 , wherein the - 
beam positioning means includes an optical means 
for controllably rotating the image of an Incident la- 
ser pulse. 
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9. In a laser apparatus for cornea surgery, wherein the 
laser beam has an undeflected position, a method 
for biasing the aliignment of the undbfiected position 
of the laser pulse with respect to the cornea, includ- 
ing the steps of: . 

a) attaching an indicator means to the eye for 
providihg visible indications of the movement of 
the eye; 

b) detecting the visible indications provided by 
the indicator means and providing control sig- 

. nals in response to such detection;. 
. . c) biasing the alignment of the undeflected po: 
sition of the laser pulses with respect to the cor- 
nea in response to the control signals. 

10. The method of claim 9, wherein the indicator means 
includes a vacuum eye ring having distinct visible 
linear eye position indicators. 

1.1 . the method of claim 10, wherein the distinct visible 
linear eye position indicators 4ndude; 

a) at least one first line indicating position of the 
eye ring in an X-direction; 

b) at least one second line, orthogpnal to the at 
least first line, indicating position of the eye ring 
in a Y-direction. 

12. The method of claim 11 , wherein the distinct visible 
linear eye position indicators further include at least 

^ :one radial line Iridicating rotation of the eye ring. 

13. Themethodof claim .12, wherein the stiep of detect- 
ing includes using a first linear array sensor orthog- 
,onal to an image of each fin5;t line and a second lin- 
ear array sensor orthogonal to an image of each 
second line; 

14. The rhethod of claim 12, wherein the step of detect- 
ing includes using a first linear array sensor orthog- 
onal to an image of each first line, a second linear 
array sensor orthogonal to an image of each second 
line, arid a third linear array sensor orthogonal to an 

Jmage of each radial line. 

15. The method of plaim 9, wherein the step of biasing 
includes using at least two orthogonal reflective sur- 

. faces positioned by controllable actuators.; 

.16. The method of claim 9, wherein the step of biasing 
includes using, an optical means for contrbllably ro- 
tating the Image of an incident laser pulse. 

1 7. In a laser apparatus for comea surgery, wherein the 
laser pulses have an undeflected position, a guide 
beam generation system includirig means for gen- 
erating a visible guide beam coaxial with the under 



fleeted position of the laser pulses, for aligning the 
. . laser pulses oh a cornea.. 

.18. The pulsed laser apparatus of claim 17, Wherein the 
5 \ rneans for generating a visible guide beam includes 
a low-power laser, and preferably means for gener- 
ating a ring of light adjustable in diameter, said 

.. . m^ns for instance inciudihg first aind second axi- 
cori prisms, aligned optically! 

. 19. In a laser apparatus for cpm^a surgery, wherein the 
laser pulses have an undeflected position, a meth- 
od for generating a visible guide bearn coaxial with 
the undeflected position of the laser pulses; for 
f5 aligning the laser pulses pri a comea: 

. . 20; The method of claim 19, wherein the step of gener- 
, ating a visible guide beam includes generating a 
ring of light adjustable in diameter, for instance us- 
20 ing flrst and second axicon prisms aligned optically. 

21; A wavelength converter for laser pulses iricluding: 

a) laser means for generating laser pulses 
25 which deflectable around a pivot point from an 

undeflected position; .. 

b) at least one (and preferably at least two ad- 
jacent)! optical wavelength conversion means 
(preferably including a non-linear optical crystal 

30 such as Ba2B04), for converting the furidameriT. 

tal wavelengths of original incident laser pulses 
. into corresponding! second harmonic wave- 
lengths; 

c) a finst lens, positioned at ak}OUt the distance 
35 of its focal length from the pivot point of the la- 
ser pulses,.for receiving incident laser pulses 
and orienting the incident angle of such laser 
pulses relative to a first surface of the at least' 
one optical wavelength conversion means such 

40 that the incident angle rernains constant re- 

gardless of the angle of deflection of the laser 
pulses. 

d) a second lens, positioned at about the dis- 
tance of its focal length from the at least one 

45 opti'cal wavelength conversion means, for. re- 

ceiving incident laser pulses from the at least . 
one optical wavelength conversion mibahs and 
for orienting such laser pulses such that the la- 
ser pulses are re-collimated after passing 
50 through the second lens; 

e) wavelength separation means for spatially 
separating the. fundamental wavelength of the 
original incident laser pulses from wavelength 
converted laser pulses exiting from the sfecond . 

55 lens. . . 

22. Apparatus of claim 21, wherein the . first lens, and' 
second lens are the same lerlis, and further includ- 
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ing: 

a) reflecting means, adjacent the wavelength 
conversion means, for reflecting laser pulses 

exiting the wavelength conversion means back s 

through the wavelength conversion means to 
the lens; and \ . 

b) angled reflecting means for reflecting wave- 
fength converted laser pulses exiting the lens 

10 

23. The pulsed laser apparatus of claim 22. wherein the 
laser pulses incident on the at least one optical 
wavelength conversion means are scanned across 
the surface of the at least one optical wavelength 
conversion means, thereby distributing the thennal is 
energy of the laiser pulses over the surface of the at 
least one wavelength conversion means and reduc- 

ing the power loading in the at least one wavelength 
conversion means. 

24. A method for converting the wavelength of laser 
pulses j including the isteps of: 

a) providing means for converting ttie funda- 
mental wavelengths of original incident laser . 25 
pulses into con-esponding second harmonic 
wavelengths. 

b) receiving incident laser pulses and orienting 
the incident angle of such laser pulses relative 

to a first surface of the means for converting so 
such that the incident angle remains constant 

regardless of the angle deflection of the laser 
pulses; 

c) receiving incident laser pulses from the 
means for converting and orienting such laser 3S 
pulses such that the laser pulses are re-colli- 
mated; 

d) spatially separating the fundamental wave- 
length of the original jncident laser pulses from 
wavelength converteid laser pulses. 4o 

25. The method of claim 24, further including step of 
scanning the laser pulses across the means for con- 
version, thereby distributing the thermal energy of 
the laser pulses over the surface of means for con- 45 
version and reducing the power loading in the 
means for conversion. 
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